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Abstract 
The human oral cavity harbours a diverse consortium of microoganisms which has a 
complex relationship with host health and disease. Dental caries for example, have 
mulitispecies aetiologies and analysis of the mechanisms which underlie the condition is 
complicated by the large portion of the oral microbiota which remain uncharacterised. In 
vivo studies can be problematical in terms of reproducibility, ethics and inter-individual 
variation; reproducible and representative in vitro models of the human oral cavity are 
therefore of considerable utility. This doctoral thesis presents a series of in vitro or ex 
vivo investigations of oral microbial ecology. In order to reproduce inter-individual 
variation within oral consortia, a gingival model was further validated for generating 
salivary microcosms. Plaques were analysed using differential viable counting, PCR-
DGGE, combined with principal components analysis (PCA) and Confocal laser scanning 
microscopy (CLSM). Data indicated that inter-individual variation in human salivary 
composition could be replicated in modelled microcosms (Chapter 3). In Chapter 4, 
poloxamer hydrogel constructs were validated for the growth and analyses of oral 
biofilms. Biofilms were analysed using differential viable counting, PCR-DGGE combined 
with principal components analysis (PCA), Confocal laser scanning microscopy (CLSM) 
and pH was measured using a microelectrode. Data indicated that poloxamer can support 
oral bacterial growth in both single and multi species biofilms, maintain compositional 
stability and reproduce inter-individual variation and acidogenesis. In Chapter 5, the 
taxonomic composition of saliva, supragingival plaque and degraded dentine was 
investigated in 30 volunteers [10 healthy and 20 Type 2 diabetes mellitus (T2DM)], using 
culture, PCR-DGGE and cluster analysis combined with PCA. Unique PCR amplicons were 
sequenced for identity. Dental caries incidence was elevated in T2DM compared to 
healthy individuals but the oral bacterial composition in supragingival plaque between 
two groups was not significantly different. Salivary eubacterial profiles from T2DM 
patients with and without caries clustered separately. With respect to bacterial consortia 
associated with degraded dentine, Prevotella nigrescens, Neisseria mucosa and 
Streptococcus sanguinis were associated with diabetes. In order to investigate potential 
familial factors in oral disease aetiology, the oral microbiotas of members of 10 families 
[5 caries free (CF) and 5 severe early childhood caries (SECC) families] were 
characterised using differential viable counting, together with PCR-DGGE, cluster analysis 
and PCA (Chapter 6). There was a highly significant association between numbers of 
lactobacilli in saliva and plaque and caries experience in SECC patients. Additionally, the 
numbers of streptococci in dental plaque were significantly higher in SECC patients than 
in CF controls. Regression analysis showed that plaque index score correlated 
significantly with DMFT and with lactobacillus abundance in dental plaque in a highly 
predictive manner. However, eubacterial fingerprints did not cluster within or between CF 
and SECC groups and bacterial counts for the three sampling sites in SECC did not differ 
significantly. Numbers of anaerobes, facultative anaerobes and streptococci of parents 
and children were correlated. In terms of familial microbial similarities, DGGE 
concordance between children, their mothers and their siblings ranged between 43% to 
73%, and 35% to 82%, respectively. Data indicated a possible aetiological role of 
lactobacilli and potentially provide novel means of prediction.  
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1.1  The human microbiota 
The term “human microbiome” is used to describe the combined genomes of the 
commensal microorganisms which reside in or on the human body (Hooper et al., 2001; 
Turnbaugh et al., 2007). Commensal microorganisms outnumber host somatic cells by 
approximately one order of magnitude and the composition and density of the 
taxonomically and metabolically complex diverse microbial consortia varies depending on 
location and in response to a variety of host-specific and environmental variables. 
Renewed interest in the association between such microorganisms with human health 
and disease is reflected by the major financial investment of the US government into the 
Human Microbiome Project (HMP), which is a large, multi-centre research programme 
focused on the characterisation of microbiota of the human body and analysis of its roles 
in human health and disease. The hope is that this coordinated effort will result in 
improvements to human health  (Turnbaugh et al., 2007). 
During birth, and through subsequent contact with the inanimate or animate 
environments, normal colonisation of the human body progresses until a balanced 
characteristic microbiota or microflora is established. Prior to delivery, the gastrointestinal 
tract (the oral cavity through to the large intestine and anus) of the infant is essentially 
sterile but becomes rapidly colonised. During the first few days of life the microbial 
composition of the nascent microbiotas are generally taxonomically simple, but they 
became more complex as bacterial diversity increases with time through microbial 
immigration (Favier et al., 2002). The delivery mode also affects the bacterial 
composition of the infant gut microbiota (Adlerberth et al., 2006). In full-term vaginally 
delivered infants, colonisation starts immediately after delivery and Escherichia coli is 
isolated more often from vaginally-delivered infants’ guts compared with those that have 
been delivered by cesarean, while the other enterobacteria such as Klebsiella and 
Enterobacter are more frequently detected in the latter (Adlerberth et al., 2006).  
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However, independent of delivery mode, enterobacteria; traditionally early colonisers in 
the intestine probably due to their facultative anaerobiosis, have generally colonised by 
two months of age. The surface tissues of the body (for example skin and mucous 
membranes such as in gastrointestinal and respiratory tracts), are constantly in contact 
with environmental organisms and become readily colonised. Moreover, infants are 
continually fed with milk, either during breast-feeding or with formulas that are based on 
cow’s milk. Consequently, the microecology of the infant is established on all colonisable 
surfaces including the oral cavity and intestine (Beerens et al., 1980). The mixture of 
organisms regularly found at any anatomical site is sometimes referred to as "indigenous 
microbiota". Transient microbiota on the other hand are microorganisms which can be 
occasionally found on or in human body (Todar, 2008). In term of cell numbers, the 
average human consists of 1013 mammalian cells and 1014 microbial cells (Luckey, 1972; 
Savage, 1977). The composition of the microbiotas vary dependent on anatomical 
location (McFarland, 2000) , as does their complexity, with different numbers of taxa (or 
phylotypes) being commonly detected at various sites (Wilson, 2005). With respect to the 
mouth, the number of microbial taxa that commonly colonise this environment has been 
estimated to be between 500 and 700, whereas, for the colon, the number reportedly lies 
between 500 and 1,000. Recently, Aas (2005) using amplification of the 16S rRNA genes 
from sample DNA, cloned, transformed into Escherichia coli and then sequencing 
demonstrated the considerable bacterial diversity in the oral microbiota, identifying more 
than 700 distinct bacterial species, as determined by 16S rRNA gene sequencing. 
However, the number of different organisms detected in any individual at any one time is 
probably considerably lower and may number up to c. 100 for the colon, dental plaque, 
and the vagina (Aas et al., 2005; Wilson, 2005; Paster et al., 2001).  
A wide variety of bacteria colonise the oral cavity (Marsh & Martin, 2003) and different 
populations of bacteria are associated with different sites within the mouth. For example, 
the consortium which colonises the teeth is different to that associated with soft tissues 
such as the tongue and buccal mucosa (Mager et al., 2003). Each surface may become 
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coated with sessile bacteria or biofilms (Aas et al., 2005). The only non-shedding natural 
surface in the oral cavity which is open to access for microbial colonisation is the teeth 
(Marsh & Martin, 2003).  
The composition of the oral microbiota is believed to remain relatively stable over time; a 
phenomenon which has been termed microbial homoeostasis (Marsh & Percival, 2006).  
When normal body defenses are impaired through factors such as underlying disease, 
immunomodulating therapy, the use of invasive devices, or when the delicate balance of 
the normal microbiota is altered through antimicrobial therapy, the resultant ecological 
conditions can potentially result in harm to the host through inflammation, bacterial 
translocation and opportunistic infection (Jarvis, 1996; Berg, 1999). Many oral bacteria 
are essentially non-pathogenic under normal circumstances, but may cause disease 
where ecological imbalances occur in the microbiota. Thus, oral bacteria, either singly or 
in combination, have been implicated in oral diseases. Putative oral pathogens include 
Streptococcus mutans (often referred to as mutans streptococci by dentists) and 
lactobacilli, that are often present in dental plaque and which may contribute to the 
formation of dental caries as a result of their acidogenic and acid tolerant properties. 
Additionally, pathogenic combinations of bacteria may proliferate in periodontal pockets 
(the space between the tooth and the gum), potentially leading to periodontitis. Dental 
caries and periodontitis are among the most common bacterial infections of humans so 
the importance of oral bacteria in human health is obvious (Aas et al., 2005; Marsh, 
1994). 
1.2  Factors influencing the composition of human microbiota 
A wide range of host factors may affect the environmental conditions and thus the 
composition and activities of the microbiota in any colonisable body site.  Amongst these,  
host age, gender, diet, antimicrobial agents and general health have been identified as 
particularly influential (Nord, 1986; McFarland, 2000; Mueller et al., 2006). Although the 
processes by which individualised microbiotas develop are poorly understood, individual 
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variation and stochastic events during colonisation are apparently responsible for the 
observed variations in the commensal microbiota, which can be demonstrated 
experimentally. 
1.2.1  Individuality of human microbiota 
Recent culture-independent studies of the oral microbiota have reported a high degree of 
inter-individual variation (Kazor et al., 2003; Ledder et al., 2007; McBain et al., 2005) 
Furthermore, host factors such as race, age, immune status, insulin-independent 
diabetes, and smoking status have all been shown to contribute variably to stimulate 
and/or inhibit the humoral and cellular components, which in turn may influence the   
resident microbiota (Gulsvik & Fagerhoi, 1979; Tlaskalova-Hogenova et al., 2004; Kelly et 
al., 2005; Ciantar et al., 2005; Sastrowijoto et al., 1990; Listgarten, 1976; Favier et al., 
2002; Percival et al., 1991).  
1.2.1.1  Effect of host genotype 
It has been observed that individuals who have a high level of genetic relatedness (i.e. 
within families and between siblings etc.) exhibit high levels of similarity in the 
composition of their commensal microbiotas at particular body sites. Several studies have 
demonstrated this between identical and fraternal twins, as compared to unrelated 
individuals (Dicksved et al., 2008; Moore et al., 1993; Stewart et al., 2005; Turnbaugh et 
al., 2009). An investigation of adult female monozygotic and dizygotic twin pairs which 
were concordant for leanness or obesity, which compared faecal consortial profiles to 
those of their mothers revealed that a significant proportion of the human gut microbiota 
was shared among family members. However, variation in the gut microbial community 
within certain specific bacterial lineages has been observed in individuals, with a 
comparable degree of co-variation between the adult monozygotic and dizygotic twin 
pairs (Turnbaugh et al., 2009). An investigation which utilised a murine model reported 
that, whilst the composition and activities of the intestinal microbiota appeared to be 
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genetically determined following preliminary investigation, deeper analyses indicated that 
environmental and maternal influences were considerably more important (Friswell et al., 
2010). Another recent study into the role of host genetics on the composition of the gut 
microbiota investigated bacterial diversity by sequencing 16S rRNA gene libraries and 
FISH analysis between familial Mediterranean fever (FMF) patients and healthy 
individuals by collecting blood and faecal samples. Their results demonstrated that the 
bacterial community significantly changed with respect to the Bacteroidetes, Firmicutes 
and Proteobacteria in FMF patients in comparison to healthy patients. These data suggest 
that host genetics may be key factor in the interaction of host and microbe, thereby 
determining specific human gut commensal microbiota  (Khachatryan et al., 2008). Whilst 
it is clear that host genetics may play a significant role in determining the composition of 
the microbiota of particular body sites, it appears that the interplay between host genetic 
and microbiota is complex and there is much still to be learned. 
1.2.1.2  Effect of age on human microbiotas 
Several studies have shown that the commensal microbiota in humans differs in 
composition in a manner that is correlated with age. These differences appear to be 
manifested in terms of taxonomic composition and metabolic activities, rather than in 
overall numbers (Hopkins & Macfarlane, 2002). For example, a study of the composition 
of infant gut resident microbiotas indicated that there were a high number of facultative 
anaerobes during the first six months of age but that these decreased thereafter. 
Bifidobacteria were detected in faeces of one week-old infants and slowly increased after 
two months, while clostridia increased after six months-of-age (Adlerberth et al., 2006). 
In addition, aging has been associated with alterations in the large intestinal microbiota, 
with marked decreases in bacteria associated with health such as bifidobacteria and 
increases of those that are regarded as detrimental to health such as the clostridia and 
enterobacteria (Gorbach et al., 1967; Hopkins & Macfarlane, 2002). Whilst much research 
attention has been dedicated to the effect of age on the intestinal microbiota, a limited 
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number of investigations have examined trends with respect to age and microorganisms 
in the oral cavity. The acquisition of Streptococcus mutans in particular has been 
subjected to much research attention (Berkowitz et al., 1975; Caufield et al., 1993; Wan 
et al., 2001a; Wan et al., 2003) by those that believe that this bacterium is a major cause 
of dental caries. In terms of other genera, increased numbers of staphylococci, yeasts, A. 
viscosus and A. naeslundii have been identified in the saliva of the elderly (Percival et al., 
1991). Moreover, ageing has been associated with decreases in the efficiency of the 
immune system, a decline in general organ function, and an increase in the likelihood of 
medical prostheses use, especially dentures, which may indirectly influence bacterial 
colonisation in oral cavity (Grimoud et al., 2003). Age-related changes in the oral 
microbiota are therefore an authentic phenomenon for which denture use is not the only 
cause (Percival et al., 1991).   
1.2.1.3  Influence of host gender 
The differences observed in the indigenous microbiota at multiple body sites between 
males and females are multi-factorial in origin and have been attributed to hormonal, 
anatomical and behavioural factors. A cross-sectional study on intestinal microbiota 
composition reported higher levels of the Bacteroides-Prevotella group in males than in 
females (Mueller et al., 2006). Investigations using mouse models indicated that male 
animals were at greater risk than females of developing gastric cancer, associated with 
the bacterium Helicobacter pylori, especially in high-salt dietary intakes (Fox et al., 2003). 
In terms of the skin microbiota, there was a huge diversity of indigenous bacteria on 
hand surfaces (both inter- and intra- individual) in which females had significantly greater 
diversity than males (Fierer et al., 2008). Additionally, differences in the composition of 
the intestinal commensal microbiota within fraternal twins within different genders have 
been reported (Stewart et al., 2005) and there is the evidence to suggest that hormones 
influence the immune system in terms of autoimmunity and decreasing of commensal 
defensiveness (Whitacre et al., 1999; Hauben et al., 2002). Prevotella intermedia is 
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reportedly more prevalent in the oral cavity of adolescent females than in males, possibly 
because of higher concentrations of progesterone and oestradiol (Nakagawa et al., 
1994). With respect to the oral cavity, the cariogenic microbiota have been detected 
more frequently at higher levels in females than males and this has been correlated with 
the reported higher incidence caries in females (Ferraro & Vieira, 2010). 
1.2.2  Nutritional sources 
Commensal microorganisms have varying nutritional requirements based on their need 
for elements such as carbon, nitrogen, oxygen, hydrogen and phosphorus (Marsh & 
Martin, 1999). Minerals, such as copper, zinc and manganese are also necessary. Thus, 
changing the nutrient composition of the diet can influence numbers of various oral 
bacteria. For example, according to a study which investigated the intestinal microbiota in 
fowl,  increasing copper concentration increased numbers of lactobacilli, while Escherichia 
coli population densities decreased  (Pang et al., 2009). High-salt diets have been shown 
to increase H. pylori colonisation densities on the intestinal mucosa, with an increased 
prevalence of aggressive intestinal tumours in a mouse model (Fox et al., 2003). 
Different regions of the human body provide a wide range of growth substrates which 
can be readily utilised by bacterial commensal consortia, for example, skin provides short 
chain lipids from sebaceous glands and desquamated skin cells, whereas the oral cavity 
provides mucins, and a wide range of diet-derived nutrients (Wilson, 2005; Tabak, 1990). 
As with all microbiotas, oral commensal consortia are adapted to and selected by the 
environment that they colonise obtaining their growth substrates from two predominant 
nutritional sources. These are i) dietary residues and ii) host secretions such as saliva and 
ginigival crevicular fluid (GCF). Saliva and GCF are constant sources of bacterial nutrition, 
whereas host diet is relatively inconsistent in composition and supply in the oral cavity 
(Tabak, 1990). 
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1.2.2.1  Saliva 
Saliva, the primary nutritional source for the oral microbiota, is an exocrine secretion 
(Marsh & Martin, 1999) which consists of approximately 99% water, containing a variety 
of electrolytes (for example sodium, calcium, potassium, chloride, magnesium, 
bicarbonate and phosphate) and various protein and mucins (Jensen et al., 1992; de 
Almeida et al., 2008). The function of saliva is mainly the maintenance of oral health, 
which it contributes to by providing physical protection and by balancing the oral 
microecology (Edgar, 1992; Humphrey & Williamson, 2001). The composition of saliva is 
however, highly variable, depending on the time of day and the presence of stimuli. 
Additionally, some ionic regulators (i.e. chloride ions) and diseases also affect the salivary 
composition and function (Laine et al., 1992; Nauntofte, 1992; Johansson et al., 1992). 
The approximate concentrations of commonly identified constituents of stimulated human 
salivary constituents have been indicated in Table 1.1. 
The term “whole saliva” refers to the complex mixture of oral fluids that includes saliva 
secreted from major (including parotid, submandibular and sublingual glands) and minor 
salivary glands (such as the glands in labial mucosa), together with gingival crevicular 
fluid (GCF), desquamated epithelial cells, free-floating bacterial cells, dietary residues, 
oral mucosal exudates of mucous or naso-pharyngeal origin (Edgar, 1992). Salivary flow 
rate and composition are subject to circadian rhythms, with the slowest flow of saliva 
occurring during sleep  (Marsh & Martin, 1999; de Almeida et al., 2008). Flow rate also 
varies during the day. Resting saliva (unstimulated) flow rate range between 0.2-0.5 
ml.min-1 while stimulated saliva flow rates range from 0.8 to 3 ml.min-1 (Edgar, 1992; 
Nederfors & Dahlof, 1992). 
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Table 1.1. Composition of healthy human saliva in descending order of concentrations of 
each component. 
Constituents  Concentration (mg/100ml) 
Total protein 140-640 
Glycoprotein  110-300 
Bicarbonate  200 
Chloride  100 
Potassium  80 
Sodium  60 
cAMP 50 
Amylase  38 
IgA 19 
Urea  13 
Phosphate  12 
Lysozyme  11 
Calcium  6 
Amino acids 3.4-4.8 
Ammonia 3 
Uric acid 3 
Lipids  2-3 
Thiocyanate  1-3 
Free carbohydrates 2 
Citrate  0.1-2 
IgA  1.4 
Glucose  1 
Peroxidase  0.3 
IgM 0.2 
Data adapted from Wilson (2005) 
Data are mean values or ranges. 
 34 
Salivary pH normally ranges between 6.7 and 7.3 and varies with salivary flow-rate as 
well as with the availability of fermentable carbohydrates (Marsh & Martin, 1999). Most  
unstimulated saliva is produced by submandibular glands and has a high mucin content, 
while stimulated saliva, which has a high flow rate, is mostly produced by parotid glands 
and has a low mucous content (Humphrey & Williamson, 2001; Wilson, 2005). Saliva 
plays a role in lubrication and other protective functions for soft and hard tissues in the 
oral cavity, as well as in the maintenance of the oral ecological balance, including direct 
antibacterial effects. Additionally, saliva is involved in pH regulation and helps neutralise 
acidic reflux in the oesophagus (Mandel, 1987). Clinically, saliva has been frequently used 
as a diagnostic fluid since the major advantages are easy access, relatively non-invasive 
collection which are well-tolerated by patients (Streckfus & Bigler, 2002; Malamud, 
2006). Analysis of saliva can be potentially used in diagnosis and to monitor disease 
progression and the effectiveness of treatment regimens (Aguirre et al., 1993).  
Proteins and mucins (glycoproteins) are the principal organic constitutes of saliva and are 
the primary source of nutrients for the oral microbiota. Mucins occur predominately as 
two molecular weight types; MG1 (high molecular weight) and MG2 (low molecular 
weight) (Tabak, 1990), which perform biologically distinct functions. MG1 has a tissue-
coating function (both soft and hard tissues) forming a thin, protective layer on tissue 
surfaces of the oral cavity known as the “acquired pellicle” and is therefore involved in 
the selective attachment of certain commensal species, contributing to bacterial 
colonisation (Yao et al., 2003). This saliva layer is approximately 100µm in depth and 
provides nutrients to adherent microbes. MG2 is more soluble and encourages 
aggregation of free-floating oral microbes thus facilitating their clearance from the oral 
cavity (Tabak, 1990). 
1.2.2.2  Gingival crevicular fluid (GCF) 
Gingival crevicular fluid (GCF) is a serum-like fluid, liberated through the junctional 
epithelia of the gingival crevice to the oral cavity. Its composition varies greatly between 
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health and periodontal disease. GCF flow is relatively slow at healthy sites c. 0.3 
µl/tooth/hour, but can rise during inflammation (gingivitis and periodontitis) (Marsh & 
Martin, 1999; Goodson, 2003). Therefore, whilst GCF flow can remove non-adherent 
cells, GCF is an important nutritional source for microbes inhabiting the gingival crevice. 
The mean pH of GCF in gingivally healthy individuals is c. 6.9, and rises to c. 7.5 during 
periodontal disease (Eggert et al., 1991). GCF contains various host defense components 
which play an important role in regulating the gingival crevicular microbiota in both 
health and disease. Enzymes such as collagenase, elastase and trypsin can be detected in 
GCF in individuals with periodontal disease. Several of these enzymes have been 
considered as potential diagnostic markers (Marsh & Martin, 1999). 
1.2.2.3  The effect of host diet 
Host diet has been shown to have an important effect on the composition of the gut 
microbiota, which may play an important role in maintaining host health. A number of 
studies have reported that consumption of prebiotics (selectively fermented 
carbohydrates) can significantly modulate colonic bacteria by elevating the number of 
certain species and hence altering the composition of the microbiota (Gibson & 
Roberfroid, 1995; Gibson et al., 2004). Higher intake of some foods for example, animal 
fat and meat (especially red meat), refined cereals and alcohol, increase risk of colorectal 
cancer (Salminen et al., 1998). Therefore, exogenously supplied nutrients, provided by 
the host diet can have a profound effect on the composition and activity of the oral 
microbiota. Frequent consumption of fermentable carbohydrates in particular, leads to 
the colonisation of the tooth surface with cariogenic bacteria. This results in the 
disruption of homeostasis in the mouth since fermentable carbohydrates are readily 
catabolised to acids, thus markedly lowering local pH, which in turn promotes the growth 
of aciduric bacteria (predominantly mutans streptococci and lactobacilli)  (Brown, 1975; 
Hartles & Leach, 1975; van Houte et al., 1994; Beighton et al., 1999). S. mutans-positive 
children had higher food cariogenicity scores (such as bread, potato chips, crackers, 
 36 
sweetened cereal and cookies which are solid and high retentive food) who were 
associated with severe early childhood caries (SECC) individually (Palmer et al., 2010). 
Prolonged acid production by lactobacilli and streptococci may result in the further 
proliferation and metabolism by these genera which increases the risk of demineralisation 
and ultimately leads to the development of dental caries (van Houte et al., 1994).   
1.2.3  Physiochemical factors 
Physiological variables including pH, temperature and redox potential can selectively 
affect types of microbiotas by favouring organisms that can grow in a particular 
microenvironment.  
1.2.3.1  Temperature and its influence on microbiotas 
Body temperature is maintained close to 37°C. However, in areas of the body such as the 
conjunctiva, skin and oral cavity there are considerable fluctuations in temperature 
(Wilson, 2005). The oral cavity is maintained at a relatively stable temperature which 
ranges between 35ºC and 36ºC and which is suitable for the optimal growth of a wide 
range of oral bacterial (Marsh & Martin, 1999). The higher temperature of the periodontal 
pocket (c.39ºC) in sites of active disease, compared to healthy sites has been previously 
reported (Fedi & Killoy, 1992). Therefore, mesophilic organisms are best adapted to 
proliferate in the oral cavity (Wilson, 2005). Changing temperature can affect bacterial 
growth and functions; a higher temperature has been shown to reduce the expression of 
virulence genes in P. gingivalis, and also modulate adherence and invasion abilities, 
which are thought to enhance the survival of this bacterium during infection (Xie et al., 
1997). The temperature may vary at different subgingival sites in the same individual. 
Temperature therefore represents an additional local selection pressure (Haffajee et al., 
1992a; Haffajee et al., 1992b; Haffajee et al., 1992c). 
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1.2.3.2  Oxygen requirements 
Although the mouth is always exposed to oxygen, the oral microbiota harbours relatively 
few obligate aerobes. The predominant organisms are facultative anaerobes (can grow in 
the presence or absence of oxygen) and obligate anaerobes (grow in the absence of 
oxygen). Additionally, microaerophilic bacteria (require a low concentration of oxygen for 
growth) and capnophilic species (CO2-requiring) are also represented. Oxygen tension 
varies in different sites in the mouth and regions such as the approximal area (between 
the teeth) and the gingival crevice contain low oxygen tension and as a result, facultative 
anaerobic and microaerobic bacterial are numerically dominant. In such environments, 
aerobic and facultative species consume what little oxygen is available and produce 
reduced compounds, making these sites more suitable for the growth of anaerobic 
species  (Marsh & Martin, 1999). Thus, anaerobiosis can occur in certain regions of the 
oral cavity such as the gingival sulcus/crevice (the space between teeth surfaces and the 
gingiva, Figure 1.1) and within deep supragingival plaques. This promotes the growth of 
obligate anaerobes including Fusobacteria and Veillonella species (Slots, 1977a; Slots, 
1976). Facultative anaerobes such as actinomyces and streptococci are also numerically 
important in the oral cavity (Kobayashi et al., 1990; Slots, 1977a; Gomes et al., 1996) 
whilst microerophiles such as Campylobacter sputorum and Campylobacter showae may 
also be present (Slots et al., 1978; Etoh et al., 1993). Capnophilies including 
Capnocytophaga gingivalis may also be present (Socransky et al., 1979).  
In conclusion, thick plaques are so heterogeneous that the various microenvironments 
can provide suitable growth conditions for bacteria with a wide range of growth 
requirements (Jenkinson & Lamont, 2005).  
1.2.3.3  The influence of pH on the oral microbiota 
The pH of most oral surfaces is regulated by saliva which is generally buffererd to 
provide pH values ranging between 6 and 7, thus in general, optimal pH values for 
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growth of the oral microbiota is provided by this fluid. The buffering action of the 
carbonic acid system active in saliva is particularly effective at pHs approaching 
neutrality.   
Fluctuations in pH which occur after the ingestion of fermentable carbohydrates leads to 
rapid acidification of the plaque to c. pH 5 due to microbial acid production. However, the 
recovery of pH to base-line values depends upon the frequency of sugar intake (Marsh & 
Martin, 1999). The prolonged consumption of foods rich in fermentable carbohydrates 
results in the selection of acidogenic bacteria such as Lactobacillus spp., and 
Streptococcus mutans which increases the risk of dental caries (Marsh, 1994; Marsh, 
1999; Marsh & Martin, 1999; Minah et al., 1981). In contrast, during an inflammatory 
response in periodontal disease, the pH of the gingival crevice becomes alkaline (Marsh & 
Martin, 1999). This has an important effect on certain important periodontal pathogens. 
For example, one  study using conventional chemostat techniques with mixed continuous 
cultures determined that the optimal pH for growth of selected periodontal pathogens 
were 6.0-7.0 for Prevotella melaninogenica  whilst P. intermedia became dominant at pH 
7.25, and at pHs at or above 7.5 Porphyromonas gingivalis. was 95% dominant 
(McDermid et al., 1990) 
1.3  Acquisition of the commensal flora of the oral cavity 
At the beginning of life, the immunological capacity of the human gut is provided by 
maternal antibodies which are delivered via the placenta, and in colostrum. With respect 
to the oral cavity, there is placental transfer of maternal antibodies which are directed to 
maternal dental plaque antigens and which can sensitise faetal lymphocytes (Horton et 
al., 1976; Tlaskalova-Hogenova et al., 1983). The oral and intestinal microbiota plays a 
significant role in the development of systemic immunity (Tlaskalova-Hogenova et al., 
1983), and the acquisition of the oral microbiota appear to also play a role in 
development of the local mucosal immunity (Russell et al., 1999).  
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The human oral cavity is sterile in utero, and immediately after birth is exposed to a 
considerable number and variety of microbes. The establishment of a permanent 
microbiota begins within the first days of the infant’s life; facultative and aerobic bacteria 
are firstly detected a few hours after birth in edentulous mouths of neonates; 
Streptococcus salivarius and  viridans streptococci are often identified as early colonisers 
(Pearce et al., 1995; Socransky & Manganiello, 1971) while Bifidobacterium and 
Veillonella spp may be detected in the second day after birth and persist throughout life  
(Rotimi & Duerden, 1981; Socransky & Manganiello, 1971). However, mutans 
streptococci (MS) are acquired later on in predentate infants (at c. 3 months of age), 
before tooth eruption (Wan et al., 2001b); and the permanent establishment of S. 
mutans at 6 months has been confirmed in several studies (Wan et al., 2001a; Wan et 
al., 2003). Wan et al., (2003) studied 312 infants from birth until 24 months at three-
monthly intervals and reported that S. mutans colonised dentate infants at a mean age of 
15.7 months; and at 24 months 84% of infants harbored S. mutans. In dentate infants, 
S. mutans was recovered from 22% (9 of 40) of infants who had only primary incisor 
teeth (Berkowitz et al., 1975) whilst a subsequent study reported that S. mutans was 
detected in 3 of 43 (7%) infants with 1 to 5 primary incisor teeth (mean age 8.9 months) 
and 12 of 42 (29%) in infants with 6 to 8 primary incisors (mean age 13.8 months) 
(Berkowitz et al., 1980).  
The eruption of the primary teeth provides more surfaces suitable for bacterial 
colonisation. Microbial succession and the arrival of species such as veillonella, 
fusobacteria, actinomycetes, and other streptococci occurs during the maturation of the 
oral microbiota; and has been associated with the acquisition of microbiota from the 
infants mother and from other sources (Klein et al., 2004). In young children with 
primary teeth, the development of a complex community of indigenous oral microbiota 
supports secondary colonisers including Gram-negative anaerobic species such as 
Prevotella melaninogenica, Fusobacterium nucleatum and Veillonella spp. (Rotimi & 
Duerden, 1981; Kononen et al., 1992a; Kononen et al., 1994). Moreover, in an 
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investigation of mother-child pairs conducted in the United States, the initial colonisation 
of mutans streptococci (MS) occurred within what the authors termed a “window of 
infectivity” at a median age of 26 months (Caufield et al., 1993) and the infants’ MS 
genotype was identical to their mothers in approximately 71% of 34 mother-infant pairs  
(Li & Caufield, 1995), whereas the colonisation of Streptococcus sanguinis occurs at a 
median age of 9 months in infants (Caufield et al., 2000). Therefore, the overall process 
of microbial colonisation depends on bacterial interactions with the environment, within 
saliva, nutritional factors, growth factors, and microbial physiological processes (Liljemark 
& Bloomquist, 1996). 
1.4  Tooth structure 
Teeth are unique, mineralised non-shedding surfaces in the oral cavity (Figure 1.1). They 
emerge from the sockets in the alveolar bone which are partially covered by the gingivae 
(gum) which covers the alveolar bone and extends into the tooth socket to form gingival 
sulcus (or gingival crevice). The space between the teeth and these unattached gingivae 
is known as the gingival crevice which is aproximately 1.8 mm in depth in healthy 
humans; a serum-like gingival crevicular fluid (GCF) is secreted from the gingival sulcus 
into the oral cavity. The root of the tooth anchors the tooth to the socket bone via a 
dense, fibrous periodontal ligament. The teeth comprise bone-like tissue known as 
dentine, covered with differently mineralised structures; the crown is covered with 
enamel and the root with cementum (outermost structure). The innermost structure of 
the tooth comprises pulp which contains blood supplies, lymphatic vessels and nerve 
fibres arising from their respective systemic circulatory via the root canal (Figure 1.1). 
Dentine is composed of a substance known as hydroxyapatite [Ca10(PO4)4(OH)2] 
supported by type I collagen fibres which renders this material relatively softer than 
enamel, which is composed of hydroxyapatite and fluorapatite [Ca10(PO4)4F2] without the 
collagen. Tooth enamel protects the tooth from acid erosion and physical damage 
(Wilson, 2005).  
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Figure 1.1. Structure of a human tooth and adjacent tissues. (Illustration of the gross anatomy of 
the tooth). 
1.5  The resident microbiota of the oral cavity 
The oral cavity is comprised of colonisable surfaces such as cheek, tongue and tooth 
surfaces. Each surface potentially supports compositionally distinct biofilms. Several 
researchers have investigated the composition of oral microbiotas of different parts of 
mouth and their role in the development of oral diseases (especially periodontal disease 
and dental caries) are well documented (Mayanagi et al., 2005; Roeters et al., 1995; 
Straetemans et al., 1998; Ledder et al., 2007). A recent study involving a large cohort 
from different geographic locations, has reported considerable variability in the 
composition of the oral microbiota within and between individuals and detected 39 
bacterial genera which had not been previously identified from the human oral cavity 
(Nasidze et al., 2009).  
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A well-cited study of the oral microbiota reported the presence of 500 species in the oral 
cavity by 16s rRNA gene analysis, in comparison to under 200 (under 40%) of indigenous 
oral microbiota have been previously been identified by culture (Paster et al., 2001). 
More recently, Aas et al. (2005) reported that the indigenous oral microbiota of different 
sites such as tongue, cheek, soft palate, dental plaque comprised over 700 distinct 
species; of these 60% have not been previously detected in human oral cavity. Some 
species are specific to certain tissues whilst others can be detected at most sites. The 
predominant bacterial microbiota of the healthy oral cavity is highly diverse and site and 
subject-specific. 
1.5.1  Gram-positive cocci 
Streptococci predominate in the oral microbiota and are routinely isolated from all areas 
of the oral cavity. Oral streptococci have been differentiated into four main species 
groups on the basis of simple biochemical and physiological tests, together with DNA 
sequence analysis. These are i) the mutans group (including S. mutans and S. sobrinus) 
which are associated with dental plaque and caries  (Okada et al., 2002), ii) the mitis 
group (includes S. mitis, S. sanguis, S. crista and S. oralis) which are also found mainly in 
plaque (Kamma et al., 2000), iii) the salivarius group (S. salivarius and S. vestibularis) 
which have been associated with mucosal surfaces (Aas et al., 2005) and iv) the 
anginosus group (comprising S. anginosus, S. constellatus and S. intermedius) which are 
detected in the gingival crevice and the root canal and may be associated with 
periodontal and pulpal disease (Standar et al., 2010; Cogulu et al., 2008; von Konow et 
al., 1981). The oral streptococci interact directly with host tissues and are important as 
primary colonisers of the teeth and mucosal surfaces (Wan et al., 2001a; Pearce et al., 
1995; Klein et al., 2004). A glycoprotein called “agglutinin” from human saliva mediates 
the adherence and colonisation of Streptococcus mutan to tooth surfaces (Carlen et al., 
1998). Due to their acidogenic, aciduric and are acidophilic properties, therefore, the 
colonisation of the teeth with Streptococcus mutans is a major factor in the aetiology of 
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dental caries (Gibbons & Hay, 1989; Loesche, 1986). There is a strong relationship 
between caries and S. mutans at all lesion depths (Becker et al., 2002). 
Staphylococci are not commonly isolated in a great numbers from the mouth, they have 
however been isolated in low numbers from healthy saliva (Percival et al., 1991) and the 
oral cavity has been suggested as a clinically relevant reservoir of staphylococci (Smith et 
al., 2001; Smith et al., 2003). Additionally, staphylococci can be isolated from the mouths 
of a variety of patient groups, such as the immunocompromised, and those with oral 
infections or dentures (Bagg et al., 1955; Zambon et al., 1990; Smith et al., 2003; 
Jobbins et al., 1992).  
Enterococci have been recovered in low numbers from several oral sites and the most 
frequently isolated species is Enterococcus faecalis. Enterococci are occasionally 
recovered from filled root canal teeth (Figdor & Sundqvist, 2007). Additionally, 
enterococcus can be isolated from the subgingival plaque of immunocompromised 
patients such in HIV patients with periodontitis (Zambon et al., 1990) and supragingival 
plaque from haemodialysis patients (Smyth et al., 1987).  However, to date, their role in 
the healthy mouth remains unclear. Peptostreptococci spp. (anaerobic streptococci) have 
been identified in carious lesions, infected root canals, periodontal disease and dental 
abscesses (Rolph et al., 2001; Gomes et al., 1996; Adib et al., 2004; Kerekes & Olsen, 
1990). 
1.5.2  Gram-negative cocci 
Neisseria and veillonella are the normally the predominant representatives of the Gram-
negative cocci in the oral cavity. Neisseria are one of the primary colonisers on tooth 
surface and capnophilic saccharolytic bacteria and normally associated with a healthy oral 
cavity (Aas et al., 2005). They have been isolated from various surfaces in the mouth, 
although they are usually present in low numbers (Zaura et al., 2009).  N. subflava is the 
most common oral commensal species; they can grow well aerobically and consume 
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oxygen which contributes to the anaerobic microenvironments found in the later stages 
of plaque development (Bradshaw et al., 1996a). They can also produce polysaccharides 
from starch metabolism which contributes to matrix formation and development which 
may contribute to the aetiology of dental caries (Parker & Creamer, 1971). N. mucosa, N. 
sicca and N. flavescens have also recovered from healthy human oral surfaces i.e. the 
dorsum of tongue, the gingival crevice, and the coronal surfaces of teeth (Querido & De 
Araujo, 1976; Almeida & de Araujo, 1979). N. subflava has been reported to invade the 
submucosa to cause opportunistic infections e.g. meningitis, septicaemia, and 
endocarditis; however these cases are uncommon (Pollack et al., 1984). Additionally, a 
study of Japanese people found that the transfer of genetic material from oral N. 
subflava may be involved in the emergence of N. gonorrhoeae strains with either 
intermediate or total resistance to penicillin (Furuya et al., 2007). Moraxella (this is a 
short rod, not really a coccus) (originally known as branhamella) is a commensal from the 
upper respiratory tract but often M. catharrhalis is opportunistically pathogenic (Konno et 
al., 2006); and commonly isolated from the oral cavity (Marsh & Martin, 1999). 
The veillonellae are strictly anaerobic and commonly occur as diplococci or in chains. 
They have been isolated from saliva and dental plaque; and appear to be the 
predominant anaerobes (Sutter, 1984). Veillonella is a member of the resident oral 
microbiota and found in the oral cavity ubiquitously including the tongue, buccal mucosa 
and tooth surface i.e. V. parvula, V. dispar, and V. atypica (Mager et al., 2003; Arif et al., 
2008). While, V. denticariosi is found in carious lesions (Arif et al., 2008). Viellonellae are 
unable to ferment sugars. They utilise by-products of others bacterial fermentation such 
as lactate and pyruvate for energy (Hughes et al., 1988; Marsh & Martin, 1999). The 
strong coaggregation interactions between Veilonella and a variety of oral bacteria, 
including S. sanguis, A. israelii and A. viscosus have been observed, contributing to the 
development of dental plaque (Hughes et al., 1988). Veillonellae metabolise lactic acid 
produced by other species to form propionic and acetic acids which are weak acids; 
therefore Veillonellae have been detected in high proportions in deep dentinal caries 
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(Becker et al., 2002). This evidence suggests that the coaggregation of Veillonellae with 
other oral bacteria plays a critical role in the bacterial ecology of the oral cavity (Hughes 
et al., 1988). The veillonellae have therefore, been recognised as potentially important in 
the formation of mature dental plaque and in the establishment of community 
metabolism (Wilson, 2005).   
1.5.3  Gram-positive rods 
Gram-positive rods and filaments are commonly isolated from the oral cavity. 
Actinomyces species are anaerobic filamentous bacteria and form a large portion of the 
oral microbiota in dental plaque (Gizani et al., 2009), particularly at approximal sites and 
the gingival crevice (Kamma et al., 2000; Ximenez-Fyvie et al., 2000a; Babaahmady et 
al., 1997; Socransky, 1970). Similar to oral streptococci, they are frequently early 
colonisers of the tooth surfaces (Li et al., 2004; Socransky, 1970); therefore they are 
thought to be significant in the development of bacterial diversity in the oral 
environment. Adhesion to oral mucosa of actinomyces is through Type 1 and 2 fimbriae 
that can bind to a glycoprotein of epithelial cells (Liu et al., 1991; Mergenhagen et al., 
1987). Seven species of actinomyces including Actinomyces naeslundii, A.georgiae, A. 
gerencseriae, A. israelii, A. viscosus, A. odontolyticus and A. meyeri have been routinely 
recovered from the human oral cavity (Slots et al., 1978; Sarkonen et al., 2000). 
Actinomyces gerencseriae and other species are also associated with the initial stage of 
caries, and are suggested to be the initiator of caries development (Becker et al., 2002). 
A. naeslundii and A. viscosus are anaerobic and acidogenic and have been associated 
with the dissolution of tooth enamel; the primary event (initiation) in dental caries; and 
have also detected in dentine caries (Becker et al., 2002; Bowden et al., 1999). A. israelii 
is a predominantly aciduric bacterium which has been identified as the aetiological agent 
of actinomycosis whilst other actinomycetes such as Actinomyces odonlyticus have been 
implicated in the development of root surface caries (Brailsford et al., 2001) and 
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gingivitis; whereas A. naeslundii, A. israelii and A.viscosus have been mainly isolated 
from the gingival crevice of gingivitis patients (Slots et al., 1978).  
Lactobacilli are commonly recovered from the oral cavity; they usually comprise only c. 
1% of the total cultivable microbiota (Van Houte et al., 1981). However, their proportions 
and prevalence increases in advanced caries lesions both on enamel and root surfaces 
(Marsh & Martin, 1999). They were the first bacteria to be identified as aetiological 
agents of dental caries. With respect to acid tolerance and their acidogenicity in an acid 
environment; they are potent acidogens at low pH values in plaque which may lead to 
tooth surface demineralisation (van Houte et al., 1994). The most commonly isolated 
species are L. acidophilus, L. casei and L. fermentum (Marsh & Martin, 1999). They are 
markedly acid tolerant and acidogenic. They are commonly isolated from the aciduric 
milieu (pH=4.8) (Brailsford et al., 2001) and have been positively correlated with caries 
incidence and severity (Kanasi et al., 2010; Becker et al., 2002; Ling et al., 2010).  
The genus eubacterium are non-sporing anaerobic bacilli, many strains of which are 
difficult to isolate by culture (Downes et al., 2001); they are therefore not well defined 
(species such as E. saburreum, E. sulci and E. yurii subsp. Yurii) (Moore et al., 1983; 
Moore et al., 1982). Many Eubacterium species have been recovered from subgingival 
plaque and have been predominantly isolated from advanced periodontits e.g. E. 
timidum, E.alactolyticum and E.nodatum (Uematsu & Hoshino, 1992) whilst E. timidum 
and E. brachy are common in dentoalveolar abscess (Wade et al., 1997).  
Numerous species of propionibacterium have been reported from the human oral cavity, 
including Propionibacterium acnes, P. freudenreichii and P. jensenii  (in dental plaque) 
(Marsh & Martin, 1999; Sutter, 1984; Sanyal & Russell, 1978). This bacterium releases 
propionic and acetic acids as main end-products of glucose fermentation (Sanyal & 
Russell, 1978). P. proprionicus has been identified in infected root canals and periapical 
lesions of teeth with refractory apical periodontitis (Sunde et al., 2002; Siqueira & Rocas, 
2003b; Rolph et al., 2001);  
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With respect to the coryneforms, Corynebacterium (formerly Bacterionema) matruchotii  
is the only species to date which has been consistently associated with the resident 
microbiota of the oral cavity (Marsh & Martin, 1999). Corynebacterium matruchotii is a 
Gram positive bacillus with long filaments and short, thick terminal ends. C. matruchotii, 
which has been studied in linking to dental calculus formation by deposition of 
extracellular calcium (Ennever & Creamer, 1967). Rothia dentocariosa and R. 
mucilaginosa have been commonly isolated from the mouth.  R. dentocariosa is isolated 
from dental plaque and has been occasionally associated with cases of infective 
endocarditis (Boudewijns et al., 2003). R. mucilaginosa has been identified from a 
healthy tongue dorsum (Kazor et al., 2003). 
Bifidobacterium, one of the relatively dominant components of the human intestinal 
microbiota (Ventura et al., 2007) is a member of the normal microbiota in the human 
mouth (Crociani et al., 1996) including the gingival crevice, saliva and dental plaque 
(Sanyal & Russell, 1978) where the dental plaque is their reserviour (Modesto et al., 
2006). They are saccharolytic, producing acetic and lactic acids as the major end-
products of glucose fermentation (Crociani et al., 1996) and they can be isolated from 
human carious dentine. Bifidobacterium dentium is an opportunistic cariogenic pathogen 
due to colonisation and persistence factors implicated in tissue adhesion, acid tolerance 
and the metabolism of human saliva-derived compounds (Ventura et al., 2009). 
Bifidobacterium inopinaturn and Bifidobacterium denticolens are also recovered from 
human dental caries (Crociani et al., 1996). 
1.5.4  Gram-negative bacilli 
1.5.4.1  Facultative anaerobes  
Haemophilli, facultatively anaerobic Gram-negative rods form the predominant species in 
this category (Marsh & Martin, 1999). Haemophilli are commonly detected in saliva, on 
epithelial surfaces and in dental plaque. Species include: Haemophilus parainfluenzae, H. 
segnis, H. paraphrophilus, H. aphrophilus and H. haemolyticus (Marsh & Martin, 1999; 
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Zaura et al., 2009; Tempro & Slots, 1986). Additionally, H. parahaemolyticus is recovered 
from oral soft tissue infections, but is not a member of the normal oral microbiota. 
Aggregatibacter actinomycetemcomitans, (previously Actinobacillus  
actinomycetemcomitans), is a non-motile capnophillic rod, growing well in aerobic 
conditions enriched with 5-10% CO2 (Marsh & Martin, 1999). It primarily inhabits dental 
plaque and the gingival crevice (Slots et al., 1980). It has been defined as one of the 
principal aetiological organisms of periodontitis and gingivitis (Hamlet et al., 2001; 
Ebersole et al., 2008; Cortelli et al., 2005; Henderson et al., 2002). The bacterium is 
highly pathogenic and has been shown to cross the mucosal barrier leading to some 
serious infections, such as brain abscess (Martin et al., 1967) and subacute endocarditis 
(Vandepitte et al., 1977). Multiple virulence factors are involved in pathogenesis, 
including a leukotoxin, collagenase, a cytolethal distending toxin and bone-resorbing 
factors, along with the ability to invade epithelial cells (Henderson et al., 2003). 
Other facultatively anaerobic, Gram negative rods include Eikenella corrodens, which has 
been implicated in periodontal disease (Riviere et al., 1996). Capnocytophaga (previously 
Bacteroides) such as Capnocytophaga gingivalis, C. sputigena, C. haemolytica, C. 
ochracea and C. granulosa which are CO2-dependent and associated with subgingival 
plaque (Holdeman et al., 1985). They are opportunistic pathogens and have also been 
identified in association with periodontal disease increasing with exacerbation of 
periodontal disease  (Kumar et al., 2005; Holdeman et al., 1985). Megasphaera spp. are 
Gram negative rods that have been  associated with periodontal disease (Kumar et al., 
2005). 
1.5.4.2  Obligate anaerobes  
The obligately anaerobic Gram negative bacteria comprise a large percentage of the oral 
microbiota, especially in dental plaque (Marsh & Martin, 1999).  An important group of 
these belong to Fusobacterium. Many Fusobacterium species have a characteristic 
filamentous morphology. Commonly isolated species include F. nucleatum (including 
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several sub-species), F. alocis, F. perodontium and F. sulci. F. nucleatum has been 
recognised as a significant contributor to the development of periodontal disease because 
of the frequency in isolation from periodontal lesions (Haffajee et al., 1998; Dzink et al., 
1988; Bolstad et al., 1996; Soder et al., 1993) and because the proportion of F. 
nucleatum isolated elevate as plaque forms (Ritz, 1967). Fusobacteria are believed to act 
as a connector between the early and late colonisers of the tooth surface because they 
can coaggregate with several other oral bacteria species (Kolenbrander & London, 1993). 
Fusobacteria are generally assacharolytic, obtaining energy from the fermentation of 
amino acids and peptides (Bakken et al., 1989) which are produced by the endopeptidase 
activity of Porphyromonas gingivalis which is often found in association with fusobacteria 
(Rogers et al., 1992), producing butyric and acetic acid as end products (Marsh & Martin, 
1999; Rogers et al., 1991). F. nucleatum can produce ammonium and volatile 
odoriferous, sulphur compounds (VSCs) including hydrogen sulphide and methyl 
mercaptan from the desulphurisation of cysteine and methionine (Claesson et al., 1990). 
The production of VSCs contributes significantly to oral malodour (De Boever & Loesche, 
1995; Greenman et al., 2005) and has been particularly associated with biofilm 
communities that coat the tongue which are regarded as a reserviour of periodontal 
pathogens (Roldan et al., 2003). 
Porphyromonas spp. are proteolytic and produce butyrate, acetate and propionate from 
the breakdown of peptides and amino acids (Shah & Gharbia, 1989). Haemin and vitamin 
K are necessary for their growth, and when on blood agar their colonies become black 
after several days due to the production of protoheme (Genco, 1995). Additionally, the 
expression of several putative virulence factors are regulated by haemin; which increases 
the virulence potential of P. gingivalis (Genco, 1995). The three main oral species are P. 
gingivalis, P. endodontalis and P. assacharolytica (Finegold et al., 1993). The presence of 
P. gingivalis in the periodontal pocket has been linked to existent periodontal disease 
(Socransky & Haffajee, 1992; Haffajee & Socransky, 1994). A variety of virulence factors 
have been identified in P. gingivalis including fimbriae (Nassar et al., 2002) and 
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haemagglutinins which mediate adherence to both the host cells and other bacteria 
(Okuda et al., 1991; Bhogal et al., 1997). Protease and lipopolysaccharides (LPS), 
attenuation of host defense mechanisms and nutrient acquisition (Lamont & Jenkinson, 
1998) are believed to provoke an inflammatory response that is directly involved in tissue 
destruction including cytokine release that contributes to alveolar bone loss (Bramanti et 
al., 1989). Additionally, P. gingivalis in subgingival dental plaque from periodontal 
pockets can also produce significant amounts of methyl mercaptan, leading to oral 
malodor development (Persson et al., 1990). P. assacharolytica has been isolated from 
the subgingival plaque of periodontitis patients (Urban et al., 2006). P. endodontalis is 
considered an endodontic pathogen (Griffee et al., 1980; Haapasalo, 1993) and generally 
inhabitats the root canal (Sundqvist, 1992; Sundqvist, 1994). 
Prevotella differ from the porphyromonads in that they are saccharolytic, producing 
mainly acetic and succinic acids from glucose. The oral prevotella have been divided into 
two groups; pigmented (including P. intermedia, P. nigrescens, P. melaninogenica and P. 
denticola) and non-pigmented (including P. oralis and P. buccalis) species. P. intermedia 
is recognised as a pioneering anaerobic species in edentoulous infants (Kononen et al., 
1992a) and P. intermedia and P. nigrescens have been suggested as periodontal 
pathogens (Sakamoto et al., 2005; Socransky & Haffajee, 2005). 
Tannerella forsythensis (previously Bacteroides forsythus) is, to date, the only species of 
the genus Tannerella and has been undoubtfully identified as an important aetiological 
agent in periodontitis (Socransky & Haffajee, 2005; Sakamoto et al., 2005) and 
frequently occurrs in association with P. gingivalis (Yang et al., 2004; Choi et al., 2000). 
The radicular dentine has been suggested to be the bacterial reservoir for periodontal 
pathogens including Tannerella forsythensis which can recolonise treated periodontal 
pockets, contributing to the failure of therapy and recurrence of disease (Giuliana et al., 
1997). Tannerella forsythensis is proteolytic and has fastidious growth requirements for 
haemin, menadione, L-cysteine and N-acetylmuramic acid (MurNac) (Wyss, 1989). It can 
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coaggregate with P. gingivalis and F. nucleatum suggesting that this might enhance its 
colonisation within subgingival plaque (Holt & Ebersole, 2005). T. forsythensis is able to 
degrade mucins by the production of a sialidase and a variety of protease (Ishikura et al., 
2003); and also produces a trypsin-like enzyme which is thought to be a major virulence 
factor and a cell surface protein that is linked to the induction of apoptosis in host cells 
(Holt & Ebersole, 2005). 
Leptotrichia comprise six species of which only L. buccalis inhabits the oral cavity 
(Kononen et al., 1994; Eribe & Olsen, 2008), particularly in dental plaque (Haffajee et al., 
2005; Duerden, 1980). L. buccalis is a sacccharolytic fusiform bacterium that produces 
lactic acid as the main end-product of metabolism.  
Selenomonas spp. are saccharolytic, three cultivable species S. sputigena, S. noxia and S. 
infelix are residents in the oral cavity (Kumar et al., 2005) of which only S. noxia has 
been associated with active periodontitis (Tanner et al., 1998).  
Finally, Campylobacter spp. are commonly isolated from subgingival sites (Macuch & 
Tanner, 2000). They have an asccharolytic fumerate and formate-requiring metabolism 
(Smibert & Holdeman, 1976). Seven species that inhabitat the oral cavity are currently 
recognised of which C. rectus and C. gracilis have been directly associated with 
periodontal disease (Macuch & Tanner, 2000; Siqueira & Rocas, 2003a). 
1.5.5  Spirochaetes 
Spirochaetes are Gram negative, helical, tightly coiled strict anaerobes and can be found 
in the oral cavity of humans usually belonging to the genus Treponema. Spirochaetes 
inhabit the gingival crevice and interproximal areas (Socransky et al., 1963).  These 
include T. denticola, T. macrodentium, T. microdentium, T. oralis, T. socranskii and T. 
vincentii (Socransky et al., 1969; Listgarten et al., 1963; Dewhirst et al., 2000). They are 
particularly prevalent in the subgingivae of patients with oral disease including gingivitis 
(Listgarten, 1976), periodontal disease (Socransky et al., 1963; Loesche & Grossman, 
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2001; Moore et al., 1991; Socransky et al., 1998) and endodontic infections (Siqueira & 
Rocas, 2004). 
Since they are extremely fastidious, they are difficult to cultivate and therefore 
identification and also additional microbiotypes are dependent on molecular identification 
techniques based on 16s rRNA analysis (Rocas & Siqueira, 2005; Moter et al., 1998; 
Paster et al., 2001; Dewhirst et al., 2000). A number of virulence factors have been 
described including trypsin-like proteases, adhesins and a haemolysin (Holt & Ebersole, 
2005).  
T. denticola has received substantial attention for its role as a periodontal pathogen, 
particularly in association with P. gingivalis and T. forsythensis  (Socransky et al., 1998). 
T. denticola and P. gingivalis are coaggregating partners, demonstrating cross-feeding in 
vitro (Grenier, 1992; Nilius et al., 1993) and have been detected in close proximity to 
each other within periodontal pockets (Kigure et al., 1995). T. denticola and P. gingivalis 
have been postulated to have an interdependent relationship within the subgingiva which 
may play an important role in the pathogenicity of periodontal disease (Ellen & 
Galimanas, 2005; Kigure et al., 1995). 
1.6  Oral bacterial colonisation sites  
Various distinct surfaces support a variety of biofilm consortia in the human oral cavity. 
These include soft surfaces such as the lips, buccal mucosa, tongue and the gingivae as 
well as the hard non-shedding surface of the teeth. Additionally, restorative materials and 
dental implants may also be available for colonisation. The resident consortia of oral 
cavity are not uniformly distributed; the differences depend on the sites of colonisation 
both in terms of composition and metabolic activity (Marsh & Martin, 1999). For example, 
soft tissue-shedding areas of the mouth such as the buccal mucosa are dominated by 
streptococci and are not regularly inhabited by obligately anaerobic species. Lips are 
located at the border between the skin and oral microbiota and are colonised 
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predominantly by staphylococci. The tongue, especially the dorsal side contains highly 
papillated surfaces which provide a large surface area for bacterial growth and  harbours 
a greater bacterial density than other mucosal surfaces. The oral environment supports a 
diverse microbiota including streptococci and Gram negative anaerobes. Oral malodour 
results mainly from increasing volatile sulphur compounds producing bacteria on the 
tongue including Prevotella, Fusobacterium spp and Porphyromonas (Marsh & Martin, 
1999). 
1.7  Dental plaque 
Microbial biofilms are defined as “Matrix-enclosed bacterial populations adherent to each 
other and/or surfaces or interfaces”. Different biofilm bacteria have different growth 
patterns, and structurally complex mature biofilm gradually develops which respond to 
their specific microenvironment conditions (Costerton et al., 1995). The majority of 
microbial growth in the oral cavity occurs in relation to surfaces.  
Biofilm formation on any surface is initiated by adherence of microbial cells to surfaces 
such as epithelia, mucous membranes, food particles and teeth. Body fluids such as 
mucous (on mucous membranes) or saliva on teeth and oral tissues form a conditioning 
film or pellicle on host surfaces. The composition of the pellicle influences the 
physicochemical properties of the surface which can selectively recruit bacteria.  
Following division, colonisation and growth the microbial community expands, assuming a 
complex architecture attaining a stable climax community (Figure 1.2). Dispersion, the 
last process, is defined as the process when bacterial cells break off from the surface of 
the mature biofilm structure in order to colonise another substratum and occurs following 
biofilm overgrowth at the site (Costerton et al., 1995; Palmer & White, 1997). 
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Figure 1.2. Three stages of biofilm formation. A simplified model of biofilm development showing that 
planktonic bacteria adhere to substrata and develop into a biofilm with the associated deposition of 
enveloping matrix material. Dispersion from mature biofilm enables cells to colnise elsewhere. The diagram 
also shows co-aggregation and coadhesion. By this model, planktonic cells may be viewed as a stage in 
the biofilm lifecycle (http://www.biofilm.montana.edu/). 
 
 
The presence of microbes on the tooth surface was first described by Antony van 
Leeuwenhoek in 1683 as “gelatinous microbial plaques” (Marsh & Bradshaw, 1995). More 
than 300 years later, microbes adherent to the tooth surface were classified as a biofilm 
and were defined as “the diverse microbial community found on the tooth surface 
embedded in a matrix of polymers of bacterial and salivary origin” (Marsh & Bradshaw, 
1995). The term “oral biofilm” refers to the microbial communities that become 
established on all oral tissues (Bowden & Hamilton, 1998; Marsh, 2004). Complex diverse 
microbial communities develop over time as a biofilm on tooth surfaces (plaque) (Marsh, 
2004). It was later confirmed that dental plaque is comprised predominantly of microbes 
and that its formation involves a microbial succession (Theilade et al., 1966; Marsh & 
Bradshaw, 1995; O'Toole et al., 2000). A conditioning film derived mainly from salivary 
glycoproteins is formed on enamel as soon as teeth erupt or are cleaned, which has been 
termed the acquired enamel pellicle (Marsh & Bradshaw, 1995). 
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The pioneer species colonising the tooth surfaces include Neisseria, streptococci and 
actinomycetes. S. mitis, S. sangius and S. oralis are predominant bacteria in the early 
stage of dental plaque formation (Li et al., 2004; Marsh & Martin, 1999). The adherence 
of S. sangius to host surfaces is mediated through the interaction between terminal sialic 
acid residues on the cell membrane with adsorbed salivary glycoprotein (McBride & 
Gisslow, 1977). There are numerous such interactions that can cause the initial 
attachment of other streptococci to the pellicle and are illustrated in Figure 1.3. 
Moreover, streptococci, actinomycetes, neisseria and veillonella contribute to 40% of the 
pioneer bacteria (Nyvad & Kilian, 1987; Rakoff-Nahoum et al., 2004). At this stage, 
bacteria will preferentially colonise surface defects (Marsh, 2003) and transport to the 
enamel is usually passive, in the flow of saliva (Marsh, 2003). These micro-colonies 
eventually become a confluent biofilm. As the early colonisers modify the environmental 
conditions, the site becomes more suitable for the growth of fastidious species e.g. by 
consumption of oxygen, and by the production of reducing compounds and additional 
nutrients. Stronger, short-range interactions typify the next phase of plaque 
development; specific binding occurs between bacterial adhesins and receptors on the 
pellicle (Lamont & Rosan, 1990) and contributes to irreversible attachment.  
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Figure 1.3. Diagrammatic representative of coaggregation interactions involved in dental plaque 
formation (Kolenbrander & London, 1993).  
 
The progression of a nascent to mature plaque is believed to be dependent on co-
aggregation and metabolic cooperation i.e. cross-feeding (Palmer et al., 2003; Li et al., 
2004). Later colonisers which are colonised through interbacterial adhesion and 
intergeneric communications are then able to bind to the established community by 
means of adhesin-receptor mechanisms (Kolenbrander et al., 2002).  
A complex, diverse multi-species biofilm develops after this process (Marsh & Bradshaw, 
1999), and also mediates unusual cellular associations such as corncobs (fusobacteria 
and streptococci) (Kolenbrander et al., 2002; Kaufman & DiRienzo, 1989) which is a 
special formation (specific co-aggregation) of bacteria in mature human dental plaque 
(Jones, 1972). Ultimately, a structure is created that is predominated by Gram-negative 
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anaerobes (Kolenbrander, 2000; Xie et al., 2000). The most important bacterium 
amongst secondary colonisers appears to be Fusobacterium, it can coaggregate with a 
large number of oral bacteria and hence is frequently referred to as a “promiscuous 
coaggregator” (George & Falkler, 1992; Kolenbrander et al., 1989) resulting in the classic 
corn-cob structure observed in electron micrographs of dental plaque (Lancy et al., 
1983). Other secondary colonisers include A. naeslundii, Leptotrichia buccalis, Eiknella 
corrodens and Prevotella intermedia. These bacteria proliferate and produce an insoluble 
extracellular polymeric material matrix composed of glucans and fructans functioning to 
maintain the integrity of plaque (Dibdin & Shellis, 1988). This mature community is 
advantageous to its members, conferring properties such as a wider habitat range, 
increased resistance to environmental stresses, enhanced virulence potential and 
increased metabolic efficiency (Marsh, 1999; Lemos et al., 2005). Plaque composition 
varies with distinct areas of the tooth, referred to as the anatomical site, where unique 
plaques develop e.g. “approximal”, “fissure” or “gingival” which represent a unique 
ecosystems (Marsh & Martin, 1999). Different surfaces vary in their ability to protect the 
shear forces and in the supply of nutrients. The highest bacterial density is found at sites 
of lowest shear such as the gingival margin, which also offer protection from removal 
forces. 
1.7.1  Supragingival plaque 
 “Supragingival plaque” refers to plaque that develops on the tooth surface above the 
gingival margin. This includes plaque in the “fissures” or “occlusal” surfaces on molars 
and premolars and “approximal” (plaque developing within the space between teeth). In 
general in supragingival plaque, facultative anaerobes are detected with a greater 
percentage than in subgingival plaque (Signoretto et al., 2010). Gram-positive bacteria 
are found more frequently than Gram-negative bateria (Rozkiewicz et al., 2006). 
However, specific sub-regions of supragingival plaque may differ in terms of colonisation 
(Marsh & Martin, 1999). For example, less diverse communities, predominated by 
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streptococci usually colonise fissures. The predominant bacterial microbiota of fissure 
plaque includes Gram-positive organisms (dominated by streptococci); and veillonella 
(Theilade et al., 1974; Theilade et al., 1982; Ximenez-Fyvie et al., 2000b). Nutrient 
availability is partially responsible for these variations, and the unique characteristics of 
fissure plaque, for example, may be explained on the basis of nutrient limitation (Marsh & 
Bradshaw, 1995).  
Approximal plaque is much more diverse compared to fissure plaque and is frequently 
dominated by Gram positive rods, mainly actinomycetes (Babaahmady et al., 1997; 
Marsh & Martin, 1999). The redox potential of these sites is generally lower than those 
associated with fissure plaques and is therefore more likely to support the growth of 
Gram-negative anaerobic bacteria such as veillonella (Babaahmady et al., 1997; Bowden 
et al., 1975). 
1.7.2  Subgingival plaque 
Subgingival plaque is formed at a unique environment in the oral cavity because it is 
shilelded from the shear force associated with most supragingival sites (due to 
mechanical plaque removal, mastication and saliva flow). It is surrounded by the tooth 
surface on one side and the gingival sulcus on the other and is supplied with a unique 
nutrient availability with GCF; therefore, the microecology of the gingival crevice is very 
distinct and supports the most diverse microbial community. Higher levels of Gram-
negative anaerobes are often recovered from this site, as well as spirochaetes and 
anaerobic streptococci (Socransky et al., 1998; Slots, 1977a). The genera isolated from 
the subgingival region include actinomycetes, bacteroides, fusobacteria, 
peptostreptococci, propionibacteria, prevotellas, selenomonads and veillonellas (Aas et 
al., 2005; Fujimoto et al., 2003; Haffajee et al., 2005; Nibali et al., 2009; van Palenstein 
Helderman, 1975; Slots, 1977b; Signoretto et al., 2010; Ledder et al., 2007).   
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1.8  Oral microbial homeostasis 
Dental plaque is a complex multi-species microbial community which, once mature (as 
described in Section 1.7) can be described as stable. The term “stability” for any 
ecosystem appears to refer to one of two aspects of a community; i) metabolic 
equilibrium in the microbiota; and ii) resistance to non-indigenous microorganisms 
(McCann, 2000). Despite its microbial diversity and environmental changes from dietary, 
salivary and oral hygiene related stress in the oral cavity; the community at any site 
attains a remarkable degree of stability or balance of bacterial component species (Marsh 
& Martin, 1999). Their self-regulatory mechanisms (homeostasis reactions) can restore 
their composition from the perturbation to the original balance. Longitudinal studies of 
the microbial composition over long periods of time have demonstrated a high degree of 
stability in the microbial composition over long periods of time on the skin (Paulino et al., 
2008), intestinal (Palmer et al., 2007) and oral microbiotas (Ledder et al., 2006; Rasiah 
et al., 2005; van Steenbergen et al., 1993). 
1.9  Dental plaque and common oral diseases  
Dental plaque is regulated by the balance of the oral microbiotas determined by 
homeostasis mechanisms (see Section 1.8). It is organised in a complex matrix 
composing of microbial extracellular products and salivary compounds and can also 
produce some substances such as acid to the surrounding environment. Microorganisms 
in dental biofilms are in close physical contact, and this can increase the probability of 
interactions. This can modulate the pathogenic potential of cariogenic bacteria or 
periodontopathogenic bacteria. Under certain circumstances, this microbial homeostasis 
can break down and this can lead to a substantial change in a parameter that is critical to 
maintaining ecological stability at a site. A clinical consequence of this homeostatic break 
down in the oral cavity can be disease. 
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There are three hypotheses that have been postulated to explain perturbations of dental 
plaque and oral diseases of a microbial aetiology and have been referred to as: i) the 
specific plaque hypothesis; ii) the non-specific plaque hypothesis and iii) the ecological 
plaque hypothesis (Loesche, 1979; Loesche, 1999; Marsh, 1994; Theilade, 1986). Briefly, 
the specific plaque hypothesis implicates a single bacterium (Loesche, 1979; Loesche, 
1999) while the non-specific plaque hypothesis suggests that the plaque as a whole is 
responsible for oral microbial aetiologies (Theilade, 1986). The ecological plaque 
hypothesis (EPH) proposed that the alteration of environmental conditions associated 
with health towards conditions associated with disease causes a shift in the oral microbial 
composition in dental plaque. The potential pathogens present in the microbial 
community in low number then undergo differentiation to gain a greater competitive 
advantage in the new environmental conditions and hence cause a shift in the balance of 
the resident microbiota which could predispose a site to develop disease (Marsh, 1994). 
The EPH theory is widely agreed to explain the presence of pathogens present in the 
microbiota. This hypothesis accounts for an explanation for the lack of specificity of 
microbial aetiology in caries and periodontitis and explains the pattern of bacterial 
succession that is often noted in disease progression in clinical studies (Socransky & 
Haffajee, 2005).    
The most common oral diseases affected by those imbalances are dental caries and 
periodontal disease (Newman, 1984; Socransky et al., 1998; Marcotte & Lavoie, 1998; 
Sbordone & Bortolaia, 2003; Marsh, 1999). In dental caries, there is a shift towards 
increased proportions of acid-producing and acid-tolerating species, such as mutans 
streptococci and lactobacilli, although other species with relevant traits can participate in 
demineralization (Marsh, 2009). Several studies have investigated the compositional 
microbiota of dental plaque from healthy and diseased sites (Figure 1.4). 
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Figure 1.4. Dental plaque in health and disease. Schematic represents the relationship between the 
microbial composition of dental plaque in health and disease (Marsh, 2006). 
 
These experiments tried to identify those species causing pathology in order to create the 
proper preventive or treatment strategies (Aas et al., 2005; Babaahmady et al., 1998; 
Becker et al., 2002; Beighton, 2005; Brailsford et al., 2005; Corby et al., 2005). Recent 
work found that there are differences in bacterial composition e.g. in Streptococus, 
Veillonella and Actinomyces species between healthy and periodontal disease sites 
(Walker & Sedlacek, 2007). 
 A shift towards acidogenic populations in dental caries patients was also demonstrated 
(Marsh, 2006). Streptococcus spp. especially Streptococcus mutans are associated with 
dental caries (Welin et al., 2004). In addition, changes in the level of sucrose 
supplementation leads to changes in the bacteria population in particular in caries related 
bacterial species (Filoche et al., 2007). 
1.9.1  Dental caries 
Dental caries has been described as “The localised destruction of susceptible dental hard 
tissues by acidic by-products from bacterial fermentation of dietary carbohydrate” (Marsh 
& Martin, 1999). These bacterial activities and products, particularly lactic acid leads to 
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demineralisation of tooth structures such as enamel, dentine and cementum. The 
consumption of carbohydrate by these bacteria results in increasing plaque exposure to 
low pH. Excessive, frequent and prolonged intake of fermentable dietary carbohydrates 
may lead to the selection of acidophilic bacteria such as streptococci and lactobacilli; and 
associated increased risk of dental caries (Loesche, 1986). The buffering capacity of 
saliva is overwhelmed and the plaque pH is decreased for long periods of time which 
allows the proliferation of the lactobacilli and mutans streptococci and results in sugar 
being primarily converted to lactic acid (Marsh, 1994). Streptococcus mutans and 
lactobacilli proliferate in place of acid sensitive streptococci (S. sangius, S. mitis and S. 
oralis) and the ecologically altered plaque may become an efficient system for producing 
more acid (van Houte et al., 1994). Streptococcus mutans produces a large amount of 
acid in low pH of 5.0-6.0 resulting in an increased risk of dental caries development 
(Iwami et al., 1992; Burne, 1998; Marsh & Martin, 2003). A positive correlation has been 
reported between the number of acidogenic species including S. mutans, L. rhamnosus 
and Veillonella dispar and the magnitude of acidification, given provision of fermentable 
carbohydrates (Bradshaw & Marsh, 1998). Lactobacilli, Actinomyces, and various 
proteolytic bacteria are commonly found in carious dentine and cementum. S. mutans, 
Veillonella dispar and Bifidobacterium spp. have been implicated in deep dental caries 
(Becker et al., 2002). 
However, a recent study identified caries associated bacteria in both primary and 
permanent teeth using 16s rRNA amplified DNA and reverse capture checkerboard assay. 
Relatively lower levels of S. mutans were detected compared to Atopobium, Lactobacillus, 
Veillonella, Propionibacterium and Actinomyces spp. Surprisingly, non-S. mutans 
streptococci were predominant in the initial stages of caries demonstrating that the role 
of non-mutans streptococci in the aetiology of caries cannot be ignored; however the 
different bacterial profiles between primary and permanent teeth were also observed 
(Aas et al., 2008).   
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1.9.2  Periodontal disease 
Periodontal diseases are characterised by chronic inflammatory lesions and the 
destruction of the supporting periodontal tissues (Socransky et al., 1998; Wecke et al., 
2000). The bacteria involved may attach to tooth surfaces, to epithelial surfaces of the 
gingival crevice or periodontal pocket, and to other bacteria (Mager et al., 2003). The 
mechanisms of tissue destruction in periodontal disease are not clearly defined but 
hydrolytic enzymes, endotoxins and other toxic bacterial metabolites seem to be 
involved. Importantly, the EPH recognises that this disease might be caused by adverse 
changes in the composition of the local microbiota and then local environmental 
conditions changes in the subgingival region e.g. the increased GCF flow during 
inflammation which ultimately allows the proliferation of proetolytic and obligately 
anaerobic microbiota in place of those seen in health (Marsh & Martin, 1999).  
Wecke, et al. (2000) used electron microscopy and fluorescence in situ hybridisation to 
show that the predominant bacteria in the deepest pocket zones were spirochaetes and 
Gram-negative bacteria. Tezal et al, (2006) suggested that all micro-organisms in dental 
plaque play a role in the pathogenesis of periodontal diseases. They also suggested that 
the function of dental plaque is to control the balance between pathogenic and other 
microorganisms that colonise this environment (Tezal et al., 2006). 
GCF flow is increased in gingival inflammation and is responsible for the early changes in 
the microbial population dynamics at this site. Increased flow of GCF causes the 
microbiota to shift from a largely Gram-positive-dominated community (e.g. streptococci 
and actinomycetes) to one characterised by higher numbers of Gram-negative putative 
periodontal pathogens (e.g. fusobacteria, Porphyromonas spp., Prevotella spp. and 
Tannerella forsythensis) along with spirochaetes such as Treponema sp. (Abiko et al., 
2010; Slots et al., 1978; Bolstad et al., 1996; Brinig et al., 2003; Leys et al., 2002; Wecke 
et al., 2000). The early stage of gingival inflammation, termed “gingivitis” have been 
associated with the increased prevalence of Prevotella, Capnocytophaga, F. nucleatum, P. 
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nigrescens and P. intermedia (Rudiger et al., 2002) whilst in the later stages an increase 
of Gram-negative microorganisms including P. gingivalis, A. actinomycetemcomitans and 
Tannerella forsythensis is observed. This progression from the reversible gingivitis leads 
to the more severe condition known as periodontitis (Genco & Slots, 1984). Additionally, 
incorporation of Treponema in plaque has been correlated with an increase in the 
severity of the disease (Darby & Curtis, 2001). The damage evident in advanced stages 
of periodontitis leads to increasing damage to connective tissue and tooth loss in severe 
cases. Tissue damage in this case seems to be predominantly due to the exaggerated 
host immune response to the periodontal pathogens.  
A study by Socransky et al. (1998), designed to identify potential periodontal pathogens, 
analysed subgingival plaque using the DNA checkerboard method and proposed an 
association between certain bacterial groups, various clinical parameters and periodontal 
disease. The authors concluded that three species of bacteria were frequently and 
significantly associated with periodontal disease (Tannerella forsythensis, Porphyromonas 
gingivalis and Treponema denticola). It should however be noted that this checkerboard 
technique is based on bacteria that have been previously cultured and therefore will not 
favour unculturable or newly described species. As with other chronic diseases process 
such as inflammatory bowel disease in the colon, distinguishing between the changes in 
bacterial communities at the diseased site induced by physiological changes associated 
with the condition have frequently been confused with causality.  
1.10  Diabetes mellitus (DM) 
1.10.1  Pathophysiology, Diagnosis and Classifications of DM 
Diabetes mellitus (DM), a chronic condition, is a group of metabolic diseases 
characterised by hyperglycaemia which result from defects in insulin secretion from the 
pancreas or insulin action, or both. The pathophysiology of diabetes mellitus in all forms 
is related to the insulin hormone which is secreted by ß-cells in the pancreas and is 
responsible for regulating the blood glucose level. Insulin regulates the energy obtained 
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via glucose metabolism. Several pathogenic processes including the destruction of the ß-
cells of the pancreas, defects in insulin action, insufficient insulin secretion and/or 
decreased tissue response to insulin lead to diabetes development. Affected individuals 
cannot break down the glucose in bloodstream and consequently, elevated levels of 
glucose may occur in the blood (known as hyperglycaemia) (ADA, 2004; ADA, 2010). The 
classification and stages of diabetes depends on the signs of disease in the circumstances 
present at that time. The three main types of diabetes are: type 1 diabetes, type 2 
diabetes and gestational diabetes (Table 1.2). 
Table 1.2.   Disorders of glycaemic aetiologic types and stages (ADA, 2004; ADA, 2010). 
Normoglycaemia Hyperglycaemia 
Diabetes Mellitus (DM) 
 
Stages 
 
 
       Types 
Normal glucose 
regulation 
Impaired Glucose 
Tolerance or 
 Impaired Fasting Glucose 
(Pre-Diabetes) 
Not 
insulin 
requiring 
Insulin 
requiring 
for 
control 
Insulin 
requiring 
for 
survival 
Type 1 DM      
Type 2 DM      
Other Specific Types      
Gestational Diabetes      
 
Commonly, the destruction of the pancreas leading to insulin deficiency is the primary 
cause of type 1 diabetes mellitus (T1DM) whilst the causes of type 2 DM (T2DM)  range 
from insulin resistance with relative insulin deficiency to insulin secretory defects with 
insulin resistance (ADA, 2010). Table 1.3 shows the diagnostic criteria of diabetes 
mellitus according to symptoms and plasma glucose.  
 66 
Table 1.3. Criteria for the diagnosis of diabetes mellitus (ADA, 2004; ADA, 2010). 
1. A1C ≥ 6.5%. The test should be performed in a laboratory using a method that is NGSP certificated 
and standardised to the DCCT assay.* 
                                                          OR 
2. FPG ≥ 126 mg/dl (7.0mmol/l). Fasting is defined as no caloric intake for at least 8 h.* 
                                                          OR 
3. 2 h plasma glucose ≥ 200 mg/dl (11.1mmol/l) during an OGTT. The test should be performed as 
described by the World Health Organization (WHO), using a glucose load containing the equivalent of 
75 g anhydrous glucose dissolved in water.* 
                                                          OR 
4. In a patient with classic symptoms of hyperglycaemia or hyperglycaemic crisis, a random plasma 
glucose ≥ 200 mg/dl (11.1mmol/l). 
A1C, haemoglobin A1C; NGSP, National Glycohaemoglobin Stardardisation Program 
DCCT, Diabetes Control and Complications Trial  
FPG, fasting plasma glucose; OGTT, oral glucose tolerance test. 
*In the absence of unequivocal hyperglycaemia, criteria1-3 should be confirmed by repeated testing. 
 
1.10.2  Prevalence of Type 2 Diabetes Mellitus (T2DM) 
T2DM is the most common type of diabetes, 90 to 95 percent of diabetics suffer from 
T2DM, and it was previously referred as non-insulin dependent diabetes. T2DM is 
associated with older age, obesity, a family history of diabetes, previous history of 
gestational diabetes and physical inactivity. The impact of ethnicity on T2DM is still 
controversial. Tocharoenvanich et al. (2008) reported that ethnicity was not a risk factor 
for T2DM in Southern Thailand (Tocharoenvanich et al., 2008) whilst in the USA, T2DM is 
more prevalent amongst African-Americans compared to others (such as European-
American and Hispanic-American) (Abate & Chandalia, 2003). Approximately 80 percent 
of people with T2DM are overweight. T2DM is increasingly being diagnosed in children 
and adolescents worldwide (ADA, 2004; ADA, 2010). The number of cases of diabetes 
worldwide in the year 2000 among adults over 20 years of age was estimated to be 171 
million, while the incidence in Indian, China and other Asian countries has been 
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estimated at c. 75 million (Wild et al., 2004). It has been estimated that the number of 
cases globally will double between 2000 and 2030 and that the highest relative increase 
will happen in India, particularly in urban areas (Wild et al., 2004). In Thailand, the 
prevalence of DM was 12.0% in 1995 (Cockram, 2000); and the Thailand Diabetic 
Registry Project reported 9,419 new DM cases between April 2003 and December 2003 
(Pratipanawatr et al., 2010).  
Besides decreased quality of life (Bunyavejchevin & Veeranarapanich, 2005; Issa & 
Baiyewu, 2006), DM also increases the likelihood of early death (Pratipanawatr et al., 
2010). Pratipanawatr et al. (2010) reported that 1.8% of diabetic patients die per year in 
Thailand. The WHO reported that diabetes was the fourth cause of death in about 5% of 
population in Thailand compared to the first: HIV/AIDS (14%), the second was ischemic 
heart disease (7%) and the third at 6% was cerebrovascular disease (WHO, 2006). 
Additionally, various other diseases and conditions disproportionately affect diabetes 
patients (Pratipanawatr et al., 2006) including oral disease (Arya, 2003; Lamster et al., 
2008; Ponte et al., 2001; Soell et al., 2007).  
1.10.3  Diabetes mellitus and dental caries 
The chronic hyperglycaemia of diabetes is associated with long-term damage, 
dysfunction, and failure of various organs (ADA, 2004); and has been suggested to 
increase the risk of oral diseases, including periodontitis, dental caries and xerostomia 
(subjective complaint of chronic dry mouth) (Soell et al., 2007). Xerostomia and 
hyposalivation in diabetic patients occurred in 12.5%  and 45% respectively but only 5% 
and 2.5% in healthy subjects (Vasconcelos et al., 2010) which is probably associated with 
higher numbers of oral pathogens. However, the reason for the higher occurrence of 
dental caries in diabetic patients remains poorly understood (Ship, 2003). Although Collin 
et al. (1998) reported that the occurrence of dental caries was not different between 
diabetic and healthy subjects Hintao et al. (2007) suggested that T2DM was a significant 
risk factor for caries on root surfaces. Furthermore, Sandberg et al. (2000) reported a 
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higher frequency of initial caries in diabetics than in non-diabetic individuals. With respect 
to risk factors for cariogenesis, glucose levels in unstimulated saliva of both groups differ; 
non-diabetic patients levels range from 0.24 to 3.33 mg/100 ml whilst ranges of 0.45-
6.33 mg/100ml have been reported for diabetics (Campbell, 1965). In stimulated saliva, 
mean salivary glucose level in control groups was 6.35 ± 6.02 mg/dL and in the diabetic 
patients it was 14.03 ± 16.76 mg/dL (Vasconcelos et al., 2010). These data demonstrate 
that both unstimulated and stimulated saliva glucose levels in diabetics were elevated 
compared to healthy groups. In terms of the microbial composition of both groups; the 
acidogenic microbial count in saliva was not statistically significantly different in two 
independent studies (Collin et al., 1998; Hintao et al., 2007b) while a higher level of 
Treponema denticola, Prevotella nigrescens, Streptococcus sanguinis, Streptococcus 
oralis and Streptococcus intermedius in supragingival plaque of diabetic patients than 
non-diabetic subjects has been reported (Hintao et al., 2007b).  
1.11  Severe early childhood caries (SECC) 
Severe early childhood caries (SECC) is referred to as “atypical’, “progressive”, “acute” or 
“rampant” patterns of decay which have been divided and described in 2 main groups. 
Firstly, in children younger than 3 years old, any sign of smooth-surface caries is referred 
to as SECC. Secondly, in children aged between 3 and 5 described as having i) 1 or more 
cavitated, missing (due to caries), or filled smooth surfaces in primary maxillary anterior 
teeth, ii) decayed, missing, or filled score ≥ 4  by 3 years of age; iii) decayed, missing, or 
filled score ≥ 5 by 4 years of age or iv) decayed, missing, or filled score ≥ 6 surfaces by 
age 5 (AAPD, 2005; Ismail & Sohn, 1999). This condition can lead to infection, pain 
(Sheller et al., 1997; Al-Ahmad et al., 2010) and premature loss of deciduous teeth 
(Keiichiro et al., 2004) which may result in weight loss of affected children compared to 
healthy children and potentially, growth retardation (Acs et al., 1999; Acs et al., 1992). 
These problems affect the quality of life of the child and parents (Abanto et al., 2011; 
Pahel et al., 2007). Therefore the interest in SECC and its consequences has increased in 
 69 
recent years with a view to reducing the prevalence of SECC and to devise long-term 
intervention and prevention programs.  
1.11.1  Definition and diagnosis 
Caries is a common disease (see Section 1.8 and 1.9). Severe Early Childhood Caries 
(SECC) is specific to primary teeth. Various terms have been used to refer to SECC such 
as “nursing caries”, “baby bottle tooth decay” and “rampant caries”; some of these terms 
are indicative of behaviour associated with the occurrence of SECC (Ismail & Sohn, 
1999). Several attempts have been made to devise a clear definition or classification for 
SECC in order to target the high-risk groups to implement preventive programs; and 
definition of SECC remains an issue when comparing studies conducted in different 
centres. Therefore, many researchers strongly support the recommendations formulated 
at a workshop which took place in Bethesda in 1999, and the policy statements by the 
American Academy of Pediatric Dentistry (AAPD) (De Grauwe et al., 2004) (See Secton 
1.11).  
1.11.2  Prevalence of SECC  
A study of dental caries prevalence in 3 year old Chilean children in urban and rural areas 
showed that there was a higher distribution of children with a DMFT score of 1or more 
(corresponding to the definition of SECC) in rural areas at 62% (43 of 69) than in urban 
areas at 42% (32 of 82) (Marino & Onetto, 1995).  A recent study in India has reported 
that the prevalence of SECC was 42% (298 of 709) with slightly higher prevalence in girls 
than boys (Viridi et al., 2010). Hallett and O’Rourke (2006) studied caries experience in 
children under 4 years of age who had been referred to a specialist paediatric hospital in 
Brisbane and reported that SECC was diagnosed in 94% of referred cases, with a mean 
DMFT of 10.5 ± 3.8. A significantly higher prevalence of SECC in the children who had 
been given a sweetened liquid in infant feeding bottles (99%) was reported (Hallett & 
O'Rourke, 2006). Recently, a longitudinal study of caries prevalence in 9 to 18 months 
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old infants in Southern Thailand reported that caries incidence increased with age at 
2.0%, 22.8% and 68.1% among 9-, 12- and 18-month olds, respectively which correlates 
to the SECC definition (Section 1.11.1) (Thitasomakul et al., 2006). Additionally, the 
prevalence in 11-14 and 15-19 month old children in Suphan Buri, central Thailand is 
58% and 83% respectively (Vachirarojpisan et al., 2004). However, the degree of 
severity of cases cannot be discriminated by DMFT scores since there are different 
numbers of teeth in the mouth according to a child’s age.  
1.11.3  Oral microbiota in SECC 
Oral bacteria associated with the occurrence of dental caries have been described in 
Section 1.9.1. However, several studies have investigated the association between early 
childhood caries and bacterial species using various methods (Salako et al., 2004; Aas et 
al., 2008; Corby et al., 2005; Rozkiewicz et al., 2006; Gizani et al., 2009). Gram-positive 
bacteria were found more frequently than Gram-negative bacteria within supragingival 
plaque both in children with and without dental caries (Rozkiewicz et al., 2006); and 
greater levels of anaerobes than aerobes such as Prevotella spp. have been detected 
(comprising up to 50% of total anaerobes) (Salako et al., 2004). Recently, Aas et al. 
(2008) reported that bacterial species obtained from dental plaque are different between 
primary and permanent teeth. As few as 15 bacterial species have been associated with 
intact enamel in primary teeth (including Capnocytophaga granulosa, Eubacterium sp. 
clone DO016 and Streptococcus cristatus) while 30 species have been associated with 
permanent teeth. However, 13 of 15 bacterial species associated with healthy sites in 
primary teeth are also significantly associated with permanent teeth. S. parasanguinis 
and S. salivarius for example, were detected at high levels in both primary and 
permanent dentitions while A. gerencseriae was also present at higher levels in primary 
dentition. The microbiota of deep-dentine also differs between primary and permanent 
teeth. Lactobacillus spp. and S. mutans may be present at higher abundance in carious 
lesions of primary teeth than in permanent teeth and Bifidobacterium spp. may also 
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dominate in primary teeth (Aas et al., 2008). These results contrast to a previous study 
which compared bacterial abundance between caries-active and caries-free subjects 
(Corby et al., 2005) suggesting that overall patterns of microbial abundance in this 
population are very distinctive. However, similarity was higher for S. mutans and 
Lactobacillus spp. detected in caries lesions than for intact enamel (both from caries-
active and caries-free subjects).  
1.12  Application of methodologies to characterising the oral microbiota 
1.12.1  Isolation (culture) 
To date, the characterisation of the oral microbiota has relied mainly on laboratory 
culture (Gibbons et al., 1963; Tanner et al., 2011; Tian et al., 2010). Although most oral 
ecosystems have been previously studied by culture-based methods, this has led to vast 
underestimates of the bacterial diversity. It has been estimated for example that more 
than 50% of oral microbiota have not been cultured from the oral cavity (Aas et al., 
2005). Therefore, many oral bacteria have not been characterised with respect to their 
metabolism and pathogenesis, other than by molecular informatics, based purely on DNA 
sequence. According to these estimates, it is possible that uncharacterised bacteria may 
play a role in the pathogenesis of oral diseases.  
1.12.2  Direct molecular analysis 
Due to the limitations of traditional culture methods to study the oral microbiota, many 
studies carried out in the last ten years have employed culture-independent molecular 
techniques to profile the diversity of oral bacterial communities. The checkerboard DNA-
DNA hybridisation technique is one of the first of such techniques to be developed and 
enables the enumeration of large numbers of species in very large numbers of samples 
(Socransky et al., 1994; Siqueira et al., 2000; Socransky et al., 2004; Haffajee et al., 
2005). For example, the presence and levels of 40 subgingival taxa have been 
determined in >6,000 plaque samples using this method (Socransky et al., 1998).  It 
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should be noted however, that because this technique relies on previously cultured 
bacteria the data obtained from these studies remains biased towards culturable bacteria.  
The 16s rRNA gene is the most commonly used as a target for molecular microbial 
ecology since it contains both highly conserved regions and variable regions that can 
reflect evolutionary divergence of eubacteria (Woese, 1987) and as for other 
environments, this has revealed the diversity of the human oral microbiota. The 
conserved region can be used to design specific PCR primers and the variable regions 
carry information that enables the discrimination of bacterial strains. Cloning and 
sequencing of the 16S rRNA gene provides high quality phylogenetic information about 
species which are not necessarily cultivable. Paster et al. (2001) used this technique to 
identify 2,522 clones obtained from the subgingival plaque of 31 volunteers, about 40% 
of which were novel species. Similarly, of the 578 sequences which were analysed from 
subgingival plaque samples from 26 advanced periodontitis patients, 30% of which were 
novel species (Hutter et al., 2003).  
The real-time polymerase chain reaction (rt-PCR) method has been developed to detect 
and quantify DNA (Holland et al., 1991). Real-time PCR and quantitative DNA 
hybridisation also have been employed to investigate complex oral bacterial communities 
in the subgingival plaque of periodontal lesions (Brinig et al., 2003; Lyons et al., 2000; 
Shelburne et al., 2000; Suzuki et al., 2000); and in carious dentine. To date, real-time 
PCR appears to be the most sensitive and useful method to analyse oral microbial 
biofilms because of its large dynamic range (Suzuki et al., 2005). The reproducibility of 
this method is best served where calibration curves are calculated for each run (Lai et al., 
2005). For example, Brinig et al. (2003), used real time PCR to detect the uncultivated 
TM7 division of bacteria in the mouth; where interexperimental variability was reduced by 
constructing the average standard curves by from several experiments. 
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1.12.3  PCR-denaturing gradient gel electrophoresis (PCR-DGGE) 
Recently, a large number of studies have demonstrated that DGGE can produce highly 
reproducible fingerprints of bacterial consortia associated with the human oral cavity (Li 
et al., 2007a; McBain et al., 2003c; Rasiah et al., 2005; Ledder et al., 2007; Ling et al., 
2010) and the general environment (McBain et al., 2003d; Jensen et al., 2004; Lyautey 
et al., 2005). Briefly, community DNA is extracted from oral biofilms, and then amplified 
by PCR using specific primers for variable regions of rDNA; therefore giving a mixture of 
PCR products of similar length containing varying sequences. These products can then be 
separated by electrophoresis as gel bands on a denaturing gradient gel, on the basis of 
product sequence. During visualisation and image analysis, the bands of interest can be 
selected and excised; and then identified by further PCR and sequencing to derive 
phylogenetic information. A further application involves the construction of dendrograms 
using the unweighted pair group method, with arithmetic averages (UPGMA) based on 
lane matching profiles by image analysis (Boon et al., 2002; Ibekwe et al., 2001; Ledder 
et al., 2007; Jiang et al., 2011). This allows the identification of band pattern motifs that 
may be characteristic of particular states or conditions. 
1.13  In-vitro systems for modelling the oral microbiota 
In order to study the biofilms in anything other than their natural environment (in situ) or 
by removing intact biofilm and transporting it to the laboratory for analyses (ex situ), 
biofilm investigations require various model systems. Investigations are of most value 
where communities from a large panel of representative volunteers are analysed in order 
to take into account the high levels of inter-individual variation that have been previously 
observed (Ledder et al., 2006; McBain et al., 2005). This diversity can therefore be 
recreated with regard to specific bacteria and their potential association with health or 
disease can be studied. Consequently, various approaches have been used to understand 
the microbial dynamics associated with plaque in healthy and disease-associated sites 
including the use of in vitro models (Assmus et al., 1997; Dalwai et al., 2006). Studies 
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carried out in vivo are not only difficult to approach but can also be difficult to 
standardise and ameliorate confounding factors.  Furthermore, studies involving human 
volunteers necessitate ethical considerations which may be prohibitive; there has 
therefore been increasing interest in the development of reproducible and meaningful in 
vitro models of the oral microbiota. 
In order to derive simple and representative systems to study oral microbiota ecology, 
several laboratory models have been developed and validated, ranging from single 
species and defined culture studies to microcosm studies (Wimpenny, 1997). Such 
approaches can control the environmental factors and can be replicated, and when an 
accurate representation is achieved, may be used to estimate the similar effects of e.g. 
an antimicrobial agent in vivo (Guggenheim et al., 2001; Kinniment et al., 1996b; McBain 
et al., 2003a; McBain et al., 2003b; Pratten & Wilson, 1999; Pratten et al., 1998). Other 
aspects such as modification of materials for periodontal healing (Allan et al., 2002), as 
well as caries and periodontal disease aetiology have been investigated (Foster & 
Kolenbrander, 2004; Fontana et al., 2004; Guggenheim et al., 2004; Periasamy & 
Kolenbrander, 2009).  
Commonly used in vitro models in current research include the hydroxyapatite (HA) disc 
model (Ledder et al., 2009; Pratten et al., 1998), flow cells (Foster & Kolenbrander, 
2004; Pratten et al., 2004), constant depth film fermenters (Kinniment et al., 1996a; 
Ledder et al., 2009; McBain et al., 2003c), multiple sorbarod devices (Ledder et al., 2006; 
Ledder et al., 2009; McBain et al., 2005), chemostats (Bradshaw et al., 1996b; Marsh et 
al., 1983; McKee et al., 1985) and drip-flow reactors (Adams et al., 2002; Buckingham-
Meyer et al., 2007; Curtin & Donlan, 2006). These systems have facilitated the evaluation 
of several aspects of: i) the pathogenicity of the plaque microbiota; ii) the impact of diet 
on the commensal species and iii) the effect of antimicrobial agents used in the oral 
cavity. Moreover they give the advantage of reproducibility and negate the compliance 
issues inherent with using human volunteers. 
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Systems developed for the maintenance of biofilms in laboratory models can be 
considered in term of the degree of control they allow over various environmental 
variables. Models may be designed on the basis of maximising the realism with which in 
situ conditions are replicated. Those that are easiest to establish and maintain either with 
continuous or intermittent supply of nutrients and for the support of bacterial plaque or 
single species are favoured. This allows the monitoring of real-time growth and 
development of dental plaque which can be investigated using a variety of methods, such 
as microscopy and culture independent approaches. 
1.13.1  The hydroxyapatite (HA) disc model 
A simple supragingival plaque model containing Actinomyces naeslundii, Fusobacterium 
nucleatum, Streptococcus oralis, Streptococcus sobrinus and Veillonella dispar was 
described by Guggenheim et al. (2001).  In contrast to other multispecies models, this 
system is based on batch culture rather than a continuous flow system. In this model, 
cells are grown anaerobically at 37ºC in a saliva-based medium on hydroxyapatite or 
bovine enamel discs coated with a salivary pellicle in 24-well plates. This method showed 
good reproducibility and that exposure to antimicrobials such as chlorhexidine led to a 
loss of viability comparable to that observed in vivo. Since no complicated equipment is 
required, this model enables rapid screening of antimicrobials on plaque biofilms. It has 
also been used to study the spatial arrangement of bacterial species in oral biofilms using 
scanning confocal microscopy (Guggenheim et al., 2004). Similar systems have been 
developed which utilise whole saliva, enabling control strategies upon replicated plaque 
microcosms to be determined, for example, to evaluate hydrolytic enzymes as potential 
control dental plaque agents (Ledder et al., 2009). 
1.13.2  Chemostats 
Other systems based on defined microbial consortia have been used with good results, 
including continuous culture systems which give a more accurate representation of the 
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continuous nutrient supply of the oral cavity than batch culture conditions. The 
chemostat allows the generation of homogenous steady-state cultures and has been 
extensively applied to oral microbiology (Bradshaw et al., 1996b; Greenman et al., 2005; 
Marsh et al., 1983; Bradshaw & Marsh, 1998; McKee et al., 1985) 
However, their ability to reproduce the physicochemical conditions of the human mouth is 
limited, since bacterial cells in a chemostat grow planktonically, and if biofilms form, this 
would break the steady-state. They have also been used to provide steady-state cultures 
to inoculate other systems (Li & Bowden, 1994). An advantage of the continuous culture 
approach is that substrate availability can be controlled thus providing important 
physiological data as well as enabling realistic investigations into antimicrobial 
prophylaxis.  
1.13.3  Microcosms 
Microcosms are laboratory models which seek to closely mimic the physiological and 
nutrient availability present in situ which are inoculated using material removed from the 
environment of interest (Wimpenny, 1988). The advantage of microcosms is that they 
maintain a substantial proportion of the microbial diversity, complexity and heterogeneity 
present within the original inoculum but can be physiologically manipulated (Sissons et 
al., 1991; Sissons et al., 1995) without ethical considerations.  Microcosms of the human 
oral cavity have been used to gain further insight into oral microbial ecology and 
physiology. For example, several studies used the CDFF to grow oral microcosms derived 
from human saliva to study the effects of antimicrobial agents such as chlorhexidine and 
triclosan (McBain et al., 2003a; McBain et al., 2003b; Pratten & Wilson, 1999; Wilson et 
al., 1998). McBain et al., (2005) used the multiple Sorbarod device (MSD) to study inter-
individual variation in salivary-derived microcosms and multiple artificial mouths (MAM) 
were used to observe the bacterial compositional variations of saliva over time and 
between individuals (Rasiah et al., 2005).  
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Limitations of the continuous culture of oral microcosms include the difficulty of analysing 
complex communities and the expertise required to run the models.  It should also be 
noted that most established models of the oral cavity have been mainly pointed towards 
the study of supragingival plaque. 
1.13.3.1  The drip flow biofilm reactor 
The drip flow biofilm reactor consists of four polycarbonate plastic individually parallel 
test channels which each hold standard microscopes slide (McBain, 2009). Each chamber 
is fitted with a removable sampling lid, and during operation is placed at an incline to 
allow the flow of medium over the surface area of the slide. A continuous flow of medium 
is delivered drop-wise over the slide and generates a relatively large biomass. Substrata 
for specific application such as hydroxyapatite-coated slides can be utilised to study in 
vitro dental plaques. The system has been previously used to study disinfection efficacy 
(Buckingham-Meyer et al., 2007; Stewart et al., 2001), the effect of nutrient starvation 
on cell detachment (Hunt et al., 2004), to determine distributions of zinc and active 
biomass within biofilms (Hu et al., 2005) and to test the effectiveness of using 
bacteriophage as anti-biofilm agents (Curtin & Donlan, 2006). Therefore, the drip flow 
reactor is amenable to the study of antimicrobial intervention. Replication of biofilms 
between chambers can however, be difficult due to variations in the surface area of the 
slide supporting biofilm growth due to feed-line inconsistencies.  
1.13.3.2  The multiplaque artificial mouth (MAM) 
The advanced multiple artificial mouth (MAM) system which provides continuous or 
intermittent flow of nutrient (Sissons et al., 1991; Sissons et al., 1994a; Sissons et al., 
1994b) was developed for growing microcosms and the long term maintenance of five 
supragingival plaque samples from the same inoculum within a standardised physico-
chemical environment. The system consists of a glass culture cylinder chamber with five 
plaque growth stations. Different substrata can be used, e.g. enamel, dentine or 
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sectioned teeth. Each station has five ports which are used for nutritional feeding, plaque 
sampling, inoculation, assembly or electrode insertion. Physicochemical parameters can 
be monitored using electrodes e.g. for pH (Sissons et al., 1992; Sissons et al., 1994a). 
Computer control of three supply lines and reference electrodes allows for independent 
continuous monitoring and control. The growth of the multiple plaques can not be 
controlled; therefore the degree of replication may be limited. 
1.13.3.3  The Sorbarod Biofilm Model (SBM) 
The Sorbarod biofilm model uses a Sorbarod filter, which is a cellulose matrix enclosed in 
a paper cylinder, as a biofilm substrates, which is perfused with culture medium. The 
filter plug consists of a paper sleeve wrapped around a matrix of cellulose fibres. The 
model is simple to set up using readily available components including the barrel of a 2-
ml syringe which are commonly manufactured from polycarbonate and may be 
autoclaved several times without distortion (Figure 1.5). This model is simple to run, and 
generates reproducible biofilms. Biofilm analyses, viable counts and subsequent 
biochemical and molecular analysis are carried out by sectioned filters by aseptically 
removing the paper sleeve and vortexing the cellulose fibres in sterile diluent. Spent 
culture fluid (perfusate) can also be collected to monitor sloughing events, and samples 
can be taken without disrupting the steady state; which can be achieved once 
physicochemical conditions are standardised. This model has proven utility for the study 
of biofilm physiology; the SBM was used to grow reproducible and stable pseudo-steady-
state biofilms over several days, where growth rate of the biofilm was measurable and 
significantly slower than in broth culture (Hodgson et al., 1995). It has also previously 
been utilised to study the effects of antimicrobials on biofilms, for example, it was 
exploited to monitor in real-time the effects of ciprofloxacin on Pseudomonas aeruginosa 
biofilms (Parveen et al., 2001) and used to generate Streptococcus pneumoniae biofilms 
in order to test the efficacy of beta-lactam antibiotics (Budhani & Struthers, 1997). Al 
Bakri (2004) utilised the Sorbarod model to study the dynamics of P. aeruginosa and 
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Burkholderia cepacia biofilm formation and Greenman et al. (2005) studied the complex 
biofilm associated with the tongue. 
 
 
Figure 1.5. The sorborad biofilm model. The medium feed line can be connected to a 2-ml 
syringe barrel which is then inserted into the needle luer. The filter can be retained by stapling 
the end of the silicone tube (McBain, 2009).   
 
1.13.3.4  The multiple sorbarod device (MSD) 
The Multiple Sorbarod Device (MSD) comprises a two-piece stainless steel housing, 
equilibrium chamber which contains five Sorbarod filters within a polytetrafluoroethylene 
(PTFE) cassette to allow for complete mixing of medium and perfusate as demonstrated 
in Figure 1.6 (McBain et al., 2005; Ledder et al., 2006). This ensures homogeneity 
between filters and may cause consistency of nutrient availability and biofilm composition 
between the filters. The relatively small physical size of the model enables a simple 
sampling procedure and allows the model to be run entirely within an anaerobic cabinet. 
Sampling of five biofilms and perfusates (spent culture fluid) is flexible and non-disruptive 
and spent culture fluid can be investigated to monitor population dynamics. Moreover, 
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the continuous supply of the system allows the broad regulation of the net growth rate of 
the population.  
 
Figure 1.6. The multiple sorbarod device (MSD) plan and section. This model allows 
replicated (n=5) biofilms to be established on five separate Sorbarod filters within the same 
housing (McBain et al., 2005). 
 
It has been demonstrated that MSDs generate highly reproducible biofilms, are suitable 
for the study of microcosms derived from human saliva and are a useful tool to elucidate 
inter-individual variation in the bacterial composition of saliva (Ledder et al., 2006). 
McBain et al. (2005) used the MSD to observe a broadly constant salivary microbiota 
from the same individual over time and higher levels of variation between different 
individuals. Since the MSD does not replicate the shear forces that prevail in vivo, it is 
arguably more suitable to the study of the buccal, subgingival or tongue microbiota, 
where shear forces provide less influence on the structure of the bacterial community.  
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1.13.3.5  The constant depth film fermenter (CDFF) 
Constant depth film fermenters (CDFF) are continuous culture biofilm models which can 
generate large numbers of replicated biofilms. The major difference from the MSD is the 
incorporation of a shear force, making it more representative of the oral cavity. Biofilms 
form on 15 PTFE pans held within slots in a stainless-steel turnstile. Each pan contains 
five plugs (5 mm diameter) set to a fixed depth. Biofilms formed on the top of recessed 
plugs and any biofilm growing above this level and excessive medium are scraped off by 
a blade for maintaining at a constant depth (Peters & Wimpenny, 1988). The assembly 
composes of numerous inlets allowing complex experimental designs to create the in vivo 
conditions. Several substrata e.g. hydroxyapatite, enamel dentin, polytetrafluoroetylene, 
denture acrylic, dental amalgam and porcelain may be utilised (Wilson, 1999; Wirthlin et 
al., 2005). The CDFF allows replication and the standardisation of physicochemical 
parameters and is particularly amenable to the study of mature biofilms, the effects of 
antimicrobials and different substrates on growth. This system has been widely used in 
study in various aspects of study of dental biofilm (Allan et al., 2002; Hope et al., 2002; 
Kinniment et al., 1996a; McBain et al., 2003a; McBain et al., 2003b; McBain et al., 2003c; 
Ledder et al., 2009; Wilson, 1996); and has been particularly useful in understanding the 
effect of antimicrobials (McBain et al., 2003a; Pratten & Wilson, 1999) and complexity of 
oral microbial communities (Hope et al., 2002; McBain et al., 2003c).    
1.14  Aim and objectives 
The aims of this dissertation were i) To investigate the microbial ecology of the human 
mouth in health and disease, with particular emphasis on saliva, supragingival plaque and 
dental caries; ii) To investigate and understand the association of microbial ecology 
among family members and iii) To develop a representative model for the in vitro study 
of dental biofilm. This thesis was conducted using a combination of in vitro models and 
human volunteers. 
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2.1  General reagents 
Unless otherwise stated, chemicals used throughout the study were of the highest grade 
available and were obtained from Sigma-Aldrich (Poole, UK). Formulated bacteriological 
media were obtained from Oxoid (Hampshire, UK). The bacteriological media were 
prepared according to instructions provided by the manufacturer. 
2.2  Sterilisation of growth media and models 
Bacteriological growth media and solutions were sterilised in an autoclave at 121°C for 15 
mins (1kg/cm2) (Bridson & Brecker, 1970).  
2.3  Artificial saliva medium for the In vitro maintenance of oral biofilms 
A modified artificial saliva medium with cysteine (Table 2.1) (McBain et al., 2003c; 
McBain et al., 2003d; McBain et al., 2003a; Pratten & Wilson, 1999) was used throughout 
this study for the maintenance of oral biofilms within various in vitro biofilms models. 
 
Table 2. 1 Composition of artificial saliva. 
 
Components   
 
Concentration (g/L) in distilled water 
 
Mucin (type II; porcine; gastric) 
 
2.5 
Bacteriological peptone 2.0 
Tryptone 2.0 
Yeast extract 1.0 
Sodium chloride 0.35 
Potassium chloride 0.2 
Calcium chloride 0.2 
Cysteine hydrochloride 0.1 
Haemin 0.001 
Vitamin K1 0.0002 
The above were dissolved in distilled water and autoclaved. 
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2.4  Differential bacteriological analyses 
For bacteriological enumeration, samples of human saliva, human dental plaque, human 
dental caries or dental microcosm were homogenised by vortexing for approximately 1 
minute. Samples were then serially diluted in sterile pre-reduced, half strength 
thioglycolate medium (USP). Thioglycolate broth was used to protect obligately anaerobic 
species from oxygen exposure. Appropriate dilutions (0.1ml) were then plated in triplicate 
onto a variety of proprietary agar media to differentially isolate and enumerate various 
functional groups of oral bacteria. Wilkins Chalgren agar (WC) (incubated aerobically or in 
anaerobic cabinet) for total aerobes and total anaerobes respectively, Wilkins Chalgren 
agar with Gram-negative (GN) supplement [containing (mgL-1); 5.0, haemin; 0.5, me-
nadione; 10, nalidixic acid; 10, vancomycin; and 2.5, sodium succinate (incubated 
anaerobically)] for total Gram negative anaerobes, trypticase yeast extract cysteine 
sucrose agar (TYCS) (Van Palenstein Helderman et al., 1983; Schaeken et al., 1986) for 
streptococci and Rogosa agar (RA) for total lactobacilli. For cultivation of anaerobes, agar 
plates were pre-reduced in an anaerobic chamber for 24h prior to use.  After plating, 
media were transferred immediately to an anaerobic cabinet (Don Whitley Scientific, 
Shipley, UK; gas mix 10:10:80; H2, CO2; N2) and incubated at 37±0.5°C, with the 
exception of the total aerobe counts which were incubated in a bench-top incubator 
(Cole-Parmer, London, UK)  at 37°C for up to 5 d.  
2.5  Specimen collection and storage 
2.5.1  Saliva 
Saliva samples used in all the investigations described in this thesis were unstimulated, 
collected in sterile Universal bottles and processed in less than 30 min. Saliva was 
collected for two separate purposes. Firstly saliva was used as inocula for oral biofilm 
microcosms. This was obtained from a total of three volunteers (3 females; age range 
from 26-36). Saliva was also used for the bacteriological analyses in clinical human 
volunteer studies, where saliva was collected, maintained on ice and carried from clinic to 
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the laboratory for analyses. In all cases, a portion (c. 1ml) of each saliva sample was 
aliquoted and archived at -60°C for subsequent analysis.  
2.5.2  Dental plaque 
Dental plaque samples for all investigations described in this thesis were freshly obtained. 
In individuals with extant dental caries, supragingival dental plaque was sampled from 
healthy enamel (non-carious plaque), and also from areas adjacent to dental caries 
(caries-associated plaque). Plaque samples were collected separately using a sterile 
dental spoon excavator EXC 23 (Sci-Dent, Inc., Hamburg, NY, USA), sterile dental spoon 
excavator No. 40-41 (American Eagle Instruments® INC., Missoula, USA) or sterile discoid 
cleoid CD 89/92 (Hu-Friedy Mfg. Co., Inc., Rocwell, USA). These three instruments had 
the same blade size. Once collected, plaque samples were put into sterile Eppendorf 
tubes and weighted before use. For bacteriological analyses, plaque was then transferred 
to 1ml of half-strength thioglycloate broth for serial dilution. Samples also were archived 
at -60°C for subsequent analysis. 
2.5.3  Dental caries 
In addition to samples of dental plaque, degraded dentine was also sampled from inside 
carious lesions of diseased teeth and processed within 30 min. These samples were 
removed using sterile dental spoon excavators as outlined above. As for dental plaque 
samples, degraded dentine samples were processed immediately and also archived at -
60°C for subsequent analyses. 
2.6  PCR-DGGE 
2.6.1  DNA extraction from saliva, dental plaque, degraded dentine and in-
vitro oral biofilms. 
This was done using QIAamp Mini Stool Kits (Qiagen Ltd., West Sussex, UK) in 
accordance to the manufacturer’s instructions. Samples were additionally processed by 
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three alternating cycles of bead beating and incubation on ice (45 sec. each) or 
centrifuged for 1 min (10,000 x g) as previously validated. 
2.6.2  Polymerase chain reaction (PCR) amplification for DGGE 
The V2-V3 region of the eubacterial 16S rRNA gene was amplified with the eubacterium-
specific primers HDA1-GC (5'-CGC CCG GGG CGC GCC CCG GGC GGG GCG GGG GCA CGG 
GGG GAC TCC TAC GGG AGG CAG CAG T-3') and HDA2 (5'-GTA TTA CCG CGG CTG CTG 
GCA C-3') as previously described (Walter et al., 2000). The GC clamp in the HDA1 
primer was incorporated in order to improve resolution during denaturing gradient 
electrophoresis (Muyzer & Smalla, 1998). PCR reactions were performed in sterile 
nuclease free 0.2-ml tubes with a DNA thermal cycler (Model 480; Perkin-Elmer, 
Cambridge, United Kingdom). In all cases, reactions were carried out with Red Taq DNA 
Polymerase Ready Mix (25 µl), HDA primers (2 µl of each, 5 µM), nanopure water (16 µl), 
and extracted community DNA (5 µl). Amplification reactions were carried with the 
thermal program as follows: 94°C (4 min), followed by 30 thermal cycles of 94°C (30 s), 
56°C (30 s), and 68°C (60 s). The final cycle incorporated a 7-min chain elongation step 
(68°C).  PCR products were stored at -60°C until subsequent processing. 
2.6.3  Agarose gel electrophoresis 
Agarose gel electrophoresis for detection, quantification and verification of extracted DNA 
and PCR products was carried out using 1% agarose gels. These were prepared using 
0.4g type I agarose in 40ml 1x Tris Acetate EDTA (TAE) buffer (pH 8.0) containing (gL-1): 
20ml, EDTA (0.5M); 4.84g, Tris-HCl; and 1.14ml, glacial acetic acid, diluted in distilled 
water from a 50x TAE stock solution; (40mM Tris base, 20 mM glacial acetic acid and 
1mM EDTA, pH 8.0 at 25ºC) and heated in microwave oven until the agarose had 
completely dissolved. After cooling, GelRed™ DNA stain (from 10,000x stock solution; 
biotium, CA, USA) was added to the molten agarose to a final dilution of 1:10,000. Mini 
gel tanks (Bio-Rad, Hemel Hempstead, UK) were used to cast the gels. When the gel had 
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solidified, the comb was removed and 5µl of PCR products obtained using Red Taq DNA 
polymerase master mix (Sigma Aldrich, Poole, Dorset, UK) were loaded into the wells, 
additional loading dye was not necessary since Red Taq DNA polymerase master mix 
includes loading buffer. The gel was then submerged in approximately 400 ml 1x TAE 
buffer. Samples that did not contain the Taq ready mix with incorporated loading dye 
were mixed with a loading dye (1µl loading dye to 4 µl sample) which comprised sucrose 
40% (w/v) and bromophenol blue 0.25% (w/v) in distilled water (Sambrook & Russell, 
2001) before loading. All samples were run alongside a 1 Kb DNA ladder (5 µl) (Bioline 
Ltd, London, UK). Electrophoresis was carried out continuously at 70 V for up to 1 hour. 
Separated bands were visualised under 312 nm in a UV transilluminator (UVP, California, 
USA) using a Cannon EOS D60 digital camera. 
2.6.4  Denaturing gradient gel electrophoresis (DGGE) 
2.6.4.1  Gel sandwich assembly 
DGGE analysis was carried out using the Dcode Universal Mutation Detection System 
(Bio-Rad, Hemel Hempstead, UK). Sandwich assembly was carried out as per the 
manufacturer’s instructions, a glass plate 16 cm x 20 cm was placed over another glass 
plate 18 cm x 20 cm, separated via 1 mm plastic spacers. The glass plates were clamped 
together and the assembly was aligned using the supplied casting stand. The assembly 
was placed on two foam sealants ready for gel casting. The gel tank was filled with 7L of 
1x TAE buffer solution diluted from 50 x TAE buffer (40 mM Tris base, 20mM glacial 
acetic and 1mM EDTA). 
2.6.4.2  Preparation of denaturant solutions 
All polyacrylamide gels cast consisted of 10% acrylamide using 40% (v/v) acrylamide-bis 
(37.5:1). Formamide and urea were used as denaturants and were used to produce 
DGGE concentration gradient ranging from 30% (Low) to 60% (High), where a 100% 
denaturant solution consisted of 40% (v/v) formamide and 7.0 M Urea; and 50x TAE 
buffer to 2% (v/v). Prior to use, the solutions were filtered through a 0.45 µm, Whatman 
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nitrocellulose filter (Appleton Woods, Birmingham, UK) filter using a vacuum filtration 
system. Solutions were stored in foil covered vessels at 4 oC. 
2.6.4.3  Gel casting 
The high and low solutions (15 ml) were decanted into separate plastic Universal bottles, 
and in order to produce visualise the denaturing gradient, 300 µl of D-Code dye 
(bromophenol blue 0.5 % (w/v) and xylene cyanol 0.5% (w/v) in 10 ml 1x TAE buffer) 
was added to the high solution. The gel polymerising agents, tetramethylenediamide 
(TEMED; 50 µl) and ammonium persulphate (100 µl) were added to each solution. Both 
solutions were then rapidly transferred into separate 30 ml syringes. Air bubbles were 
removed before the syringes were placed onto the supplied gradient delivery system. 
Delivery tubes for the syringes was attached to a new 19 gauge hypodermic needle 
(Becton, Dickinson, Ltd., Oxfordshire, UK), which was placed in between the glass plates 
of the sandwich assembly. The wheel of the gradient delivery system (Bio-Rad, Hemel 
Hempstead, UK) was turned at constant speed to ensure adequate mixing of the 
solutions and the correct formation of the denaturant gradient. A 16-well comb was then 
placed in between the glass plates and the gel was left to polymerise for at least an hour. 
2.6.4.4  Sample loading and electrophoresis 
After gel polymerisation, the comb was removed and wells were checked for integrity and 
excess acrylamide was removed using a pipette. The gel sandwich assembly was then 
attached to the core module which was then placed into the gel tank filled with 1x TAE 
buffer and left overnight to allow equilibrium of the denaturing gradient. Previous 
validation studies showed that this markedly improved resolution. Following this, the tank 
was heated to 60ºC prior to sample loading and PCR samples (45 µl) were homogenised 
with 10 µl gel loading dye (bromophenol blue 0.5 % ( w/v), xylene cyanol 2% (w/v) and 
glycerol 70 % (v/v) dissolved in deionised water). The lid was removed in order to load 
samples using loading tips. Electrophoresis was carried out for 720 volt hours at 60ºC. 
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2.6.4.5  Staining and visualisation of DGGE gels 
After electrophoresis, the gel sandwich was removed from the core module and the 
sandwich assembly was disassembled. The gels were stained in 200 ml 1x TAE buffer 
with 20 µl of SYBR® Gold stain (Molecular Probes™, Leiden, The Netherlands), visualised  
using a UV-transilluminator at 312 nm (Peqlab Biotechnologies, Erlangen, Germany) and 
imaged using a Cannon EOS-60 digital SLR system (Cannon, Surrey, UK) with SYBR® 
photographic filter (Molecular Probes™, Leiden, The Netherlands). 
2.6.5  DGGE bands excision and reamplification 
The polyacrylamide gel was carefully transferred to a UV transilluminator (Bio-Rad, 
Hertfordshire, UK) so that bands representative of amplicons of interest could be excised. 
Selected bands were cut out of the gels using a sterile scalpel and transferred to sterile 
nuclease-free tubes together with 20 µl of nanopure water. The tubes were incubated at 
4°C for 20 hours before archiving at -60°C for further analysis. Prior to reamplification, 
each tube was vortexed for 1 min and then centrifuged (MSE Microentaur; Sanyo, 
Loughborough, UK) for 10 min at 13,000 rpm. The resulting supernatant was used as a 
template for PCR reactions as described in Section 2.6.2. 
2.6.6  Sequencing of PCR products derived from excised bands 
PCR products derived from excised DGGE bands were purified using a QIAquick PCR 
purification kit (Qiagen Ltd., West Sussex, UK) in accordance to manufacturer’s 
instructions. PCR amplicons (5µl) were analysed by agarose gel electrophoresis (Section 
2.6.3), alongside a quantitative 1Kb ladder (5µl) (Bioline Ltd., London, UK) to determine 
size and concentration PCR products. After purification, PCR products were sequenced 
using the reverse primer HDA2 (non-GC clamp) at the University of Manchester’s DNA 
sequencing facility. The sequencing reaction was as follows: 94°C (4 min) followed by 25 
cycles of 96°C (30 s), 50°C (15 s), and 60°C (4 min). Once chain termination was 
complete, sequencing was complied using CHROMAS-LITE (Technelysium Pty Ltd, 
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Australia). The BLAST program (http://www.ncbi.nlm.nih.gov/blast) was used to search 
the European Molecular Biology Laboratories (EMBL) prokaryote database for sequences 
that matched the sequences that were complied. 
2.6.7  Construction of dendograms 
Dendrograms were used to compare DNA fingerprints generated from community-derived 
PCR products. In order to provide standard consortial fingerprints which could be used to 
compare profiles within and between separate gels, all gels contained two lanes 
containing PCR products generated from the same archived and homogenised salivary 
DNA, which was used as a comparator. For analysis of more than one DGGE gel, negative 
images of stained DGGE gels were separately aligned using Adobe Photoshop Elements 
7.0 (Adobe, London, UK); a process that had been previously validated. Merged and 
aligned gel images were then analysed using Bionumerics v.5.1 (Applied Maths, Belgium). 
To do this, each lane from the processed negative image of the DGGE gels was identified, 
followed by the generation of a synthetic reference lane as outlined above, to ensure 
accurate alignment of bands. In-software normalisation compensated for any smiling in 
the gel, thus generating a horizontally aligned gel image suitable for comparison. The 
bands present in each lane were detected visually and used to create several points of 
reference. Each lane on the gel was selected manually and then compared to the 
reference lane, allowing a matching profile for each lane to be generated using cluster 
analysis. The matching profiles for each lane were used to produce an Unweighted Pair 
Group Method with Arithmetic Mean (UPGMA) dendrogram (Sneath & Sokal, 1973) and 
using the Dice coefficient of similarity (Fromin et al., 2002). The dendrogram that is 
produced using this method can then be used to observe clustering patterns between 
different lanes. 
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Chapter 3  
 
Development and Validation of an 
In vitro Model of Supragingival 
and Subgingival Plaque 
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3.1  Abstract 
Dental plaque can be divided into two distinct types based on location relative to the 
gingival line. These are supragingival and subgingival plaque which colonise the teeth 
above and below the gum line, respectively. From a clinical perspective, imbalances in 
these consortia can result in dental caries and periodontal disease. Whilst much can be 
learnt from clinical investigations, studies of human volunteers are complicated by issues 
of reproducibility, accessibility (especially the subgingival region) and compliance. In the 
current chapter, an in vitro gingival model was developed which reproduced some 
aspects of supragingival and subgingival dental plaque. The model was based on glass 
substrata embedded into dental polymer which acted as an artificial gum. The purpose of 
this study was to validate the model for the generation of oral supragingival and 
subgingival plaques. Differential isolation methods were used, together with PCR-DGGE, 
image analysis, dendrogram construction and principal components analysis (PCA). Based 
on bacterial enumeration, biofilms obtained from replicated models derived from the 
same inoculum from 3 volunteers were not significantly different (p>0.05) indicating a 
high degree of reproducibility. Microscopic analyses showed that the Gram-positive 
bacteria were predominant in the supragingival region and that the subgingival region 
was mostly composed of Gram-negative bacteria. Moreover, confocal laser scanning 
microscopy (CLSM) indicated greater viability in simulated supragingival plaques in 
comparison to subgingival plaques. With respect to bacterial enumeration however, 
supragingival and subgingival plaques were not significantly different (p>0.05). Few 
inter-individual differences in bacteriological composition were detected in models 
established using saliva from different volunteers apart from in the lactobacilli which were 
only detected in one volunteer. PCR-DGGE and cluster analysis indicated very high inter- 
and intra-individual (100%) concordance of plaques obtained from gingival models 
suggesting highly selective environmental conditions. Likewise, PCA confirmed the 
clustering of biofilms obtained from each individual and also supragingival and 
subgingival plaques. In conclusion, the gingival model reproduced some aspects of those 
associated with the human oral cavity in a reproducible and nutritionally controlled 
manner. 
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3.2  Introduction 
The oral cavity comprises many surfaces which may be colonised by bacteria. Distinct 
regions of the mouth may be colonised by different groups of oral bacteria, forming the 
bacterial communities of plaque which may vary not only in taxonomic composition but 
perhaps more importantly, in terms of metabolism, antigenicity and pathogenesis. A wide 
range of oral sites/surfaces (such as buccal mucosa, tooth surfaces and palate) provide 
different physicochemical ecological conditions. In the oral cavity, a highly diverse and 
site and subject-specific bacterial microbiota is established which may be populated by 
different commensal microbial combinations and thus varying degrees of pathogenicity 
(Aas et al., 2005). 
3.2.1  Supra- and subgingival plaque 
Dental plaque is a bacterial biofilm which forms upon tooth surfaces, prostheses and 
restorative materials in the human mouth. Supragingival plaque attaches to tooth 
surfaces above the gingival margin and subgingival plaque forms on surfaces below the 
gum line (see Figure 3.1 a and b, respectively). In healthy supragingival plaque, 
facultative anaerobes commonly form a larger proportion of total bacteria than in 
subgingival plaque, including for example, Acidovorax spp., Actinomyces naeslundii, 
Corynebacterium matruchotti and Rothia dentocariosa (Signoretto et al., 2006). In an 
investigation of children with and without dental caries, supragingival plaque harboured 
greater numbers of Gram-positive than Gram-negative bacteria in both groups 
(Rozkiewicz et al., 2006), whilst Gram-negative species have been shown to predominate 
supragingivally in patients with periodontal disease (Daniluk et al., 2006). Inter-individual 
variation in the bacterial composition of supragingival dental plaque may result in varying 
rates of sucrose utilisation and thus variations in lactic acid production. Sustained 
exposure to sucrose and suboptimal dental hygiene may select for higher numbers of 
aciduric (and acidogenic) species such as Streptococcus mutans on tooth surfaces 
particularly in association with carious lesions in approximal (i.e. in the spaces between 
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teeth) sites (Minah & Loesche, 1977). Many oral bacteria which colonise tooth surfaces 
produce extracellular polymers including polysaccharides and nucleic acids which form a 
protective matrix that contributes to the development of dental caries (Jakubovics & 
Kolenbrander, 2010). 
 
Figure 3.1. Tooth structure showing a) supraginigval plaque and b) subgingival plaque. 
 
Subgingival plaque from both healthy subjects and those with periodontitis frequently 
harbours the following species at high frequency (≥ 50%); Fusobacterium nucleatum, 
Campylobacter rectus, Eikenella corrodens, Prevotella nigrescens, Capnocytophaga 
ochracea, Treponema maltophilum, Slackia exigua, Micromonas micros, Tannerella 
forsythensis, Capnocytophaga sputigena and Centipeda periodontii (Mayanagi et al., 
2005). Recent studies have however demonstrated that a higher percentage of 
anaerobes were found in subgingival plaque from healthy subjects. For example, 
Campylobacter gracillis, Campylobacter showae, Fusobacterium nucleatum, 
Porphyromonas gingivilis, Prevotella intermedia, Prevotella denticola, Veillonella parvula, 
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Lactobacillus acidophilus and Lactobacillus rhamnosus (Signoretto et al., 2010). However, 
the similarity of detection frequencies of the oral microbiota between subgingival and 
supragingival plaque suggests that the bacterial flora of supragingival plaque is 
taxonomically similar to subgingival plaque. Thus, supragingival plaque could serve as an 
easy-to-access environment for estimating the microbial composition of subgingival 
plaque (Mayanagi et al., 2005). 
3.2.2  In vitro models for dental biofilms 
A variety of in vitro models have been developed to study biofilms and have contributed 
significantly to the understanding of aspects such as the structure, formation, signaling 
and the development of antimicrobial resistance of biofilms. Biofilms within the mouth 
(i.e. dental plaque) represent a particularly challenging system to model due to 
taxonomic and metabolic complexity. To investigate oral microbial ecology in the 
laboratory, a variety of models have previously been developed and validated, ranging 
from single species models to elaborate multi-species microcosms.  
In order to study the oral microbiota in health and disease, several in vitro models have 
been developed (see Section 1.13). Most of these reproduce some aspects of 
supragingival plaque since the subgingival region is more difficult to investigate and 
replicate because of its inaccessibility for sampling and also the requirement for 
anerobiosis. In vitro models of the subgingival microbiota have however been developed 
and these have either utilised saliva as the inoculum and then attempted to select for 
subgingival consortia by feeding with artificial gingival crevicular flud or less commonly, 
have utilised subgingival material as inocula (Walker & Sedlacek, 2007). The latter 
approach presents logistical difficulties where model runs need to be repeated since the 
sampling procedures are invasive. Few models are currently available which reproduce 
subginigival-type plaques using saliva as inocula.  
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The aims of this chapter were therefore to develop and validate a gingival model. Plaques 
were characterised using differential viable counting in combination with microscopic 
imaging. Observations of bacterial profiles of the sub- and supragingival plaques within 
the models were done using LIVE/DEAD staining together with confocal laser scanning 
microscopy (CLSM), PCR-DGGE with cluster analysis and principal components analysis 
(PCA).  
3.3  Experimental methods 
3.3.1  Chemicals 
To maintain oral microcosms, an artificial saliva medium as described in Section 2.3 was 
used. The proprietary selective agar media used to differentially isolate and enumerate 
various functional groups of oral bacteria were as described in Section 2.4.  All media 
were incubated in an anaerobic cabinet (Don Whitley Scientific, Shipley, UK; gas mix 
10:10:80; H2, CO2; N2) at 37 ± 0.5°C with the exception of the total aerobe counts 
which were incubated in a bench-top incubator (Cole-Parmer, London, UK).  
3.3.2  Model construction 
Dental polymer (poly (methylmethacrylate); PMMA) was used to cast the model using a 
toothbrushing machine mount as the mould (Richmond et al., 2004). Microscope slides 
(clear glass, ground edges, 1 mm - 1.2 mm thick) used to imitate teeth were cut to 2.4 x 
1.8 cm using a diamond cutter. The cut slides were then placed into the gingival model 
(Figure 3.2) to a depth of 1.2 cm and were submerged in 100 ml of artificial saliva. A line 
was drawn on the reverse side of the glass to mark the gingival margin. 
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Figure 3.2. The gingival model.  
3.3.3  Inoculation 
Saliva collected from three healthy volunteers (3 females; age range 26-36) was collected 
in sterile Universal bottles. Saliva (1ml) was aseptically added to the cooled artificial 
saliva into which the gingival models were immersed and incubated in a Mark 3 
Anaerobic Work Station (Don-Whitley Scientific, Shipley, U.K.) at 37oC (Gas mix: 80% N2, 
10% CO2 and 10% H2) for 3 d.  
3.3.4  Sampling and separately enumeration of oral biofilm 
Three models were established using saliva from each of the three individuals as inocula 
and incubated statically for 72h. Sterile forceps were then used to remove the colonised 
slides from the simulated gum of the gingival model. Following incubation, the simulated 
supra- and subgingival biofilms were then carefully scraped off the slides using sterile 
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swabs and transferred to 9ml of sterile half-strength thioglycollate broth USP. For 
bacteriological analyses, serial dilutions were carried using sterile pipette tips and 
vortexing each time, for 1 minute. Appropriate dilutions (100 µl) were plated in duplicate 
onto the agar media which were used to differentially isolate and enumerate various 
functional groups of oral bacteria recovered from models (See Section 2.4).  
3.3.5  Gram staining 
Glass substrata removed form the model system were gently tapped onto tissue paper in 
order to remove excess moisture then allowed to dry at room temperature before being 
heat-fixed, Gram stained (Barrow & Feltham, 1993) and observed under oil immersion 
using a microscope (Axioshop 2, Zeiss, Hertfordshire, U.K.) with x100 objective lens. 
Plaques were then observed and representative images captured using a Canon D60 
DSLR camera coupled to the microscope via a proprietary adaptor. 
3.3.6  Confocal laser scanning microscopy (CLSM) analysis 
Developed plaques (i.e. the colonised glass substrata) obtained from the gingival models 
were carefully transferred using sterile forceps to sterile Petri dishes ready for staining. 
Baclight™ LIVE/DEAD stain (Molecular Probes™, Leiden, The Netherlands) was used to 
differentiate viable and non-viable cells. Prepared staining solution (100µl) was added to 
the slides and staining was done according to manufacturer’s instructions. The slides 
were then transferred to the dark where they were incubated for 10 minutes at room 
temperature. Following this, they were placed on clean microscope slides and using 
sterile forceps, clean cover slips were placed on top and the plaques were imaged using a 
Nikon C1 upright 90i laser scanning confocal microscope (Nikon Corporation, Tokyo, 
Japan), equipped with an argon laser (excitation wavelength 488 nm) and a green helium 
neon laser (excitation wavelength 535 nm) which were used to image live (green 
fluorescing) and dead (red fluorescing) bacterial cells respectively. Confocal images were 
obtained using Planflour 20.0x/1.30/2.10 dry spring-loaded and Planflour 40.0x/1.30/0.20 
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oil spring-loaded stopper objectives. Each biofilm was scanned randomly at selected 
positions. Z-stacks were generated by vertical optical sectioning at every position with 
the slice thickness set to 0.5 µm. Images were rendered using the EZ-C1 software 
version 3.90 (Nikon Corporation, Tokyo, Japan). 
3.3.7  DNA extraction for PCR-DGGE 
DNA from microcosms was extracted using QIAamp mini stool kits (Qiagen Ltd., West 
Sussex, U.K.) in accordance to the manufacturer’s instructions (Section 2.6.1). DNA 
extracts were stored at -60°C prior to analysis in nuclease free tubes. 
3.3.8  PCR amplification 
Extracted DNA from microcosms were amplified, quantified and verified according to 
methods described in Section 2.6.2 and 2.6.3 respectively. 
3.3.9  PCR-DGGE analysis 
PCR products were analysed with DGGE as described in Section 2.6.4; and bands of 
interest were excised according to the method described in Section 2.6.5. 
3.3.10  Sequencing of DGGE gel bands 
PCR products derived from excised DGGE bands were processed as described in Section 
2.6.6.  
3.3.11  Dendrogram construction 
Hierarchical dendrogram comparing the fingerprints were merged and analysed according 
to methods described in Section 2.6.7.    
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3.3.12  Statistical analyses 
After testing for normal distribution of data using the Shapiro-Wilk test, a two sample t 
test was used to evaluate the number of bacteria repesentative of the supra- and 
subgingival plaque of each volunteer; and between functional groups of bacteria in 
different parts of developed plaque. Principal components analysis (PCA) was used to 
identify the presence of significant clusters within the dendrograms. Briefly, band 
matching data obtained from the dendrogram were exported to factor analysis using 
Statistical Package for Social Sciences (SPSS) version 16, generating the three principal 
components which were in turn used to generate the 3D-plot (within Sigma Plot v.8) to 
reveal the spatial arrangement of each community relative to one another. 
3.4  Results 
3.4.1  Bacteriological analyses  
The periodontal microbiota is generally characterised by a high proportion of strictly 
anaerobic species and the major periodontal pathogens are Gram-negative anaerobes. 
Whilst the external supragingival environment is putatively aerobic, supragingival dental 
plaque also generally harbours significant numbers of anaerobes. Therefore, the 
maintenance of anaerobic bacteria is an important feature of a representative gingival 
model. In terms of the bacteriological composition of the modelled plaques, the ratios of 
aerobic to anaerobic bacteria in the upper (supragingival) and lower (subgingival) 
sections of the model are shown in Figure 3.3 a and b, respectively. According to viable 
counting, the number of aerobes in the supragingival region and the subgingival region 
ranged between 7.1 and 7.6 Log10 CFU/ml; and between 7.2 and 7.5 Log10 CFU/ml, 
respectively. The number of anaerobes ranged between 7.6 and 7.8 Log10 CFU/ml and 
between 7.6 and 7.7 Log10 CFU/ml in supragingival and subgingival sections respectively. 
The proportion of aerobes and anaerobes therefore did not significantly differ in the 
simulated sub-and supragingival regions. Whilst viable counts of anaerobes were 
marginally higher in the subgingival region, there were no statistically significant 
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differences (p>0.05) between the aerobic and anaerobic counts in the supragingival 
region or subgingival region from all volunteers.  
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Figure 3.3. Ratio of aerobic/facultative anaerobic bacteria (black bars) and anaerobic bacteria (grey 
bars) in (a) supragingival and (b) subgingival sections of the gingival model obtained from saliva of 3 
individual volunteers (n=9); V1, Volunteer 1; V2, Volunteer 2 and V3, Volunteer 3. 
L
o
g
C
F
U
/m
l 
 102 
 
Total faculatative anaerobes
V1 V2 V3
0
2
4
6
8
10
Total anaerobes
V1 V2 V3
0
2
4
6
8
10
Total Gram-negative anaerobes
V1 V2 V3
L
o
g
1
0
 C
F
U
/m
l
0
2
4
6
8
10
Total streptococci
V1 V2 V3
0
2
4
6
8
10
Total lactobacilli
V1 V2 V3
0
2
4
6
8
10
 
Figure 3.4. Bacterial composition of the gingival models developed from fresh saliva of three healthy 
volunteers; V1, Volunteer 1; V2, Volunteer 2 and V3, Volunteer 3. Supragingival biofilms (black bars) and 
subgingival biofilms (grey bars). Data are means ± standard deviation of three separate experiments and 
three technical replicates.  
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Figure 3.4 shows the results of differential bacteriological analyses of simulated 
supragingival and subgingival plaques from gingival models. There was a similar recovery 
level for all bacterial groups obtained from the separate section of the models in each 
replicated experimental run, except the total Gram-negative anaerobes and total 
lactobacilli. Gram-negative bacterial counts from volunteer 2 were higher in subgingival 
(mean 8.1 Log10 CFU/ml) than in supragingival biofilms (mean 5.3 Log10 CFU/ml). In 
contrast, lactobacilli, which are not carried by all individuals, were recovered from both 
supragingival biofilms and subgingival biofilms only from volunteer 3. Overall, bacterial 
counts from different volunteers and different sections of the models were comparable 
indicating good inter-individual reproducibility and that marked differences between sub- 
and supragingival consortia were not manifested. 
The graphs in Figure 3.5 shows the comparison of different groups of bacteria among 
simulated supra- and subgingival plaque of gingival models obtained from 3 salivary 
donors. The overall total facultative anaerobic and anaerobic counts were higher than 
other groups of bacteria in both simulated supragingival and subgingival sections 
(ranging from 7.08 to 7.84 Log10 CFU/ml). Total anaerobe counts were higher than total 
aerobes but did not significantly differ between supragingival and subgingival biofilms. 
The overall total Gram-negative anaerobe counts were lower than total aerobes and total 
anaerobes (ranging from 5.3 to 6.1 Log10 CFU/ml) from both supragingival and 
subgingival biofilms except subgingival biofilms obtained from volunteer 2 where counts 
of these bacteria were considerably higher (8.1 Log10 CFU/ml) compared to others. Total 
streptococci counts were higher (>5 Log10 CFU/ml) in comparison to total lactobacilli 
counts (<3 Log10 CFU/ml) for both supraingival biofilms and subginigval biofilms. Results 
indicated that lactobacilli were recovered only from biofilms derived from volunteer 3 in 
both supragingival and subgingival plaques with counts ranging from 2.6 to 2.9 Log10 
CFU/ml. 
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Figure 3.5. Supra - and subgingival biofilms of gingival models obtained from 3 salivary donors –  total 
facultative anaerobes (TA), total anaerobes (TAN), total Gram-negative anaerobes (TGN), total 
streptococci (TS) and total lactobacilli (TL) from Volunteer 1 (black bar), Volunteer 2 (grey bar) and 
Volunteer 3 (grey bar coarse line); (a) supragingival biofilms and (b) subgingival biofilms. 
 
 
Bacterial Groups 
L
o
g
C
F
U
/m
l 
 L
o
g
1
0
 C
F
U
/m
l 
(b) 
(a) 
 105 
3.4.2  PCR-DGGE analyses 
DGGE fingerprints were generated from supragingival and subgingival plaques and the 
salivary inocula from which they were established (three separate volunteers) in 
triplicate. Figure 3.6 shows a negative image the DGGE fingerprints of 3 volunteers’ 
salivary inocula and corresponding supragingival and subgingival consortial profiles. 
Interestingly, consortial profiles generated from each of the three separate volunteers 
were very similar, as were profiles of sub- and supragingival plaques established from 
each of the volunteers. This indicates good reproducibility of models but also that the 
model environment was highly selective. Cluster analyses of DGGE profiles from Figure 
3.6 are shown in Figure 3.7. The clustering patterns indicate a minimum of 39% 
concordance between saliva and biofilms (Volunteer 2 and 3). On average, there was 
62% concordance between saliva and biofilms from gingival models. With respect to 
intra-individual variation, the highest concordance (100%) was observed for volunteer 1 
between two separate simulated supragingival biofilms (1 U-a and 1 U-c) and from 
volunteer 2 (100%) between two of the supragingival biofilms and one subgingival 
biofilm (2 U-a, 2 U-b and 2 L-a). 
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Figure 3.6. Negative image of DGGE fingerprints derived from gingival models; supragingival biofilms (U) and subgingival biofilms (L) for models (a), (b) and (c) from respective 
Volunteer 1-3; and saliva from 3 volunteers (Sal1, Sal2 and Sal3).  
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With respect to inter-individual variation, the highest concordance (100%) occurred 
between supragingival biofilms from all three volunteers; the supragingival biofilms from 
volunteer 1 and the subgingival biofilms from volunteer 3 and the subgingival biofilms 
from volunteer 2 and the supragingival plaque from volunteer 3. Concordance between 
each volunteer was c. 39%. The concordance of all models of supragingival biofilms from 
each volunteer ranged from 62% to 89% while the concordance of all models of 
subgingival biofilms from each volunteer ranged from 62 to 65%. On the other hand, 
supra- and subgingival biofilms from the same inoculum showed high concordance in all 
cases at approximately 62%. 
 
      
 
 
 
 
 
 
 
 
                        
Figure 3.7. A UPGMA dendrogram of DGGE fingerprints– from simulated supragingival 
biofilms (U) and subgingival biofilms (L). Concordance percentages are indicated. Models 
(a), (b) and (c) from respective Volunteers 1-3; and the corresponding saliva inocula 
(Sal1, Sal2 and Sal3).  
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3.4.3  Principal components analysis (PCA) 
PCA performed on band class data from DGGE fingerprints are illustrated in Figure 3.8. 
The total variance of the three principal components was 91.22%. With respect to trends 
of consortial similarity, the blue ellipse mostly contains the samples from the simulated 
supragingival and subgingival biofilm samples and saliva from volunteer 1 and 2. 
Interestingly, volunteer 3 clustered separately with respect to the salivary inoculum but 
not for the corresponding modelled plaques. The black ellipse contains only samples of 
supra- and subginigval biofilms derived from volunteers 1 and 2.  
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Figure 3.8. A 3D-PCA plot of 9 gingival model samples. Each point represents each DGGE sample. The 
yellow points correspond to saliva samples, the green points to supragingival biofilms and the red points 
to subgingival biofilms. Volunteer 1 (closed circles), Volunteer 2 (closed triangles) and Volunteer 3 
(closed diamonds). The blue and black ellipses represent putative clusters. 
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3.4.4  Microscopic imaging  
The imaging of slides removed from the gingival model indicate the presence of 
predominantly coccoid morphologies (Figure 3.9 a and b). In agreement with previous in 
vivo observations, Gram staining revealed that simulated supragingival biofilms consisted 
mostly of Gram-positive bacteria, especially streptococci (cocci chains). In contrast, 
subgingival biofilms (b) harboured higher numbers of Gram-negative bacteria.  
  
 
 
 
 
 
 
 
 
 
 
Figure 3.9. Gram stains of biofilms from modelled supragingival (a) and subgingival (b) plaques reveal the 
predominance of Gram-positive bacteria in the supragingival regions and Gram-negative bacteria in 
subgingival plaques. 
 
3.4.5  Confocal laser scanning microscopy (CLSM) imaging 
Figure 3.10 shows LIVE/DEAD CLSM images of supragingival plaques of the gingival 
model (a) prior to inoculation and (b) after 72 h incubation. The supragingival image (b) 
shows bacteria with high a percentage bacterial viability (green) and some dead bacterial 
cells (red). No bacteria were detected in the uninoculated model (Figure 3.10 a). 
 
 
 
b a 
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Figure 3.10. A CLSM image showing LIVE/DEAD stained simulated supragingival biofilms (a) uninoculated 
model (b) 72 h supragingival biofilms. The image shows a 200 µm x 200 µm area of slide. 
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3.5  Discussion 
The taxonomic composition and metabolic activities of the oral microbiota varies 
markedly between individuals and also may very significantly between different sites in 
the mouth. Not only does the composition of the microbiota vary but environmental 
conditions such as the pH, salivary flow and dietary consumption (Marsh, 2009) are also 
difficult to control. These considerations, along with issues of accessibility and compliance 
can complicate in vivo studies. The development of representative and realistic biofilm 
microcosm systems is therefore of considerable value as a research tool (Bradshaw et al., 
1996b; Kinniment et al., 1996a; McBain et al., 2003c; McBain et al., 2005; Patel et al., 
2007). The work presented in the current chapter aimed to develop a novel system for 
the investigation of dental plaque above and below the gum line. In vitro gingival models 
were therefore established and validated for reproducibility and for bacterial composition. 
The in vitro gingival model reproduced some aspects of the environments associated with 
the supra- and subgingival plaques and importantly, enabled the nutritional environment 
to be controlled and replicated. The gingival device was divided into two sections (Figure 
3.2); the external section, analogous to the supragingival plaque and the embedded 
section which is analogous to subgingival plaque. The system relied on the inoculation of 
a common bulk phase with fresh human saliva. Since microcosms have been defined as, 
“bacterial established using natural material from which they evolve” (Wimpenny, 1987), 
the gingival model relies on the principle that functionally distinct microbiotas can be 
selected from the same inoculum when distinct conditions are provided. A previous paper 
utilised this phenomenon to model supra- and subgingival plaques (Dalwai et al., 2006). 
The Eastman study used constant depth film fermenters (CDFF) which had previously 
been used mainly to grow supragingival plaques to simulate microbiotas associated with 
periodontal disease.  Dalwai et al. (2006) inoculated their models with either defined 
communities or saliva; the effect of changing the medium from artificial saliva to an 
artificial gingival crevicular fluid and the sequential change to a microaerophilic 
atmosphere was assessed using real time PCR. Whilst the systems had been inoculated 
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with saliva from individuals with good oral heath, the paper reported that changing 
environmental conditions rapidly and markedly altered the microbial composition of the 
plaques such that Actinomyces spp. and Gram-negative rods increased in number at the 
expense of Streptococcus spp. 
The present model relies on the provision of a simulated periodontal space between the 
glass substratum and the dental polymer but otherwise constant conditions. This is based 
on the hypothesis that occlusion will favour the development of anaerobic assemblages 
due to close physical association and protection from shear forces, analogous to the 
periodontal space of humans. Data thus generated indicates that 72 h after incubation, 
the ratio of facultative anaerobic to anaerobic bacteria did not markedly vary between 
simulated supra– and subgingival regions (Figure 3.3). 
In the current investigation, the facultative anaerobic and anaerobic bacteria developed 
from saliva did not differ significantly in terms of numbers of major groups, within each 
volunteer or amongst volunteers (p>0.05). Additionally, the composition of all bacterial 
groups obtained from supra– and subgingival biofilms was similar. The numbers of 
facultative anaerobes was similar to total anaerobe counts which, as should be the case 
with dental plaque, were higher, compared to other bacterial groups. Numbers of 
streptococci and lactobacilli were similar in both supra– and subgigival biofilms, while 
lactobacilli were recovered from microcosms obtained from only one saliva donor (Figure 
3.5). These results support observations reported in a previous study where the microbial 
complexes found in supragingival plaque were similar to those of subgingival plaque 
(Haffajee et al., 2008; Shibli et al., 2008). Moreover, the numbers of all bacterial groups 
obtained from simulated supragingival and subgingival biofilms were similar in each 
replicated model for each volunteer (Figure 3.4). Salivary lactobacilli were only detected 
in one individual and also in the model that had been established using this individual’s 
saliva. Lactobacilli are not universally detected in the oral cavity; they are most 
commonly detected in individuals with a higher caries experience and in subjects with 
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initial or developed caries (Gudkina & Brinkmane, 2010; Thaweboon et al., 2005; Hegde 
et al., 2005).  However, the recovery level of all bacteria obtained from the same 
inoculum from each volunteer was broadly comparable (data not shown).  Statistical 
analysis indicated that no statistically significant differences (p>0.05) in the recovery of 
bacteria obtained from models cultivated from the same inoculum occurred.  
The microscopic images suggest that distinct bacterial consortia developed in simulated 
supra– and subgingival biofilms. In humans, plaque which forms in supragingival regions 
is generally dominated by Gram-positive bacteria (Daniluk et al., 2006) whilst subgingival 
regions contain mostly Gram-negative bacteria. Figure 3.9 broadly suggests that these 
groups were best represented in the appropriate regions. 
With respect to trends of consortial similarity, two separate clusters were demonstrated 
by PCA. Although samples derived from three individuals were found in the same cluster, 
each cluster was mostly composed of supra– and subgingival biofilms from the same 
individuals. The dendrogram shows 100% concordance of supragingival biofilm obtained 
from models derived from the same inoculum and also for subgingival plaques derived 
from separate models but from the same inoculum. Moreover, the highest inter-individual 
concordances (100%) occurred between supragingival biofilms from all three volunteers. 
However, supra- and subgingival biofilms from the same inoculum showed high 
concordance in all cases at approximately 62%. This is in concordance with a previous 
study (Rasiah et al., 2005) which observed a c. 52% concordance between individual 
DGGE fingerprints of microcosms derived from saliva of 10 donors. Although some 
variation of the gingival model was observed both intra- and inter-individually the 
reproducibility of the model was demonstrated.  
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3.6  Conclusions 
Bacterial communities were generated in the gingival model in a reproducible manner 
such that intra-individual and inter-individual variation was reproduced. Gram staining 
revealed differences in the composition of supragingival and subgingival biofilms from the 
models similar to those found in the supragingival and subgingival areas in the human 
mouth. CLSM analyses confirmed that the formation of biofilms occurred on slides which 
were used to imitate the teeth in this model. These findings also demonstrate the 
potential usefulness of applying DGGE and PCA to monitor bacterial community profiles. 
In conclusion, the gingival model represents a potentially useful tool for investigating oral 
biofilms. However, there are substantial differences between the conditions provided by 
the gingival model and real life supra- and subgingival biofilms. For example, there is less 
fluid flow associated with the gingival model and thus a discontinuous nutrient supply. 
The system could however be run in a fed-batch manner, or in a continuous culture 
vessel of the type normally associated with chemostats. The presence of gingival 
crevicular fluid was not reproduced in the current model and thus the model relies on 
occlusion to select for distinct microbiotas.  Such selection is likely to take longer than 72 
h to be strongly manifested and this could partially explain the similarities between 
modelled supra- and subgingival plaques in the current study. 
Importantly however, the gingival model provides a significant feature that is according 
to published literature, not available in any other current oral biofilm model: the gingival 
model was designed such that is would fit directly into a mechanical brushing machine; 
thus enabling the subgingival penetration of specially designed bristles of novel 
toothbrushes to be objectively assessed by visualisation and bacteriological analyses (see 
Appendix). 
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The Use of Poloxamer Hydrogels 
to Support Oral Biofilm 
Ecosystems 
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4.1  Abstract 
Poloxamer hydrogels form gel-like structures at body temperature and reversibly liquefy 
on cooling. These properties make them ideal candidates for the generation and non-
destructive recovery of sessile microbial communities. Whilst they have been used to 
simulate mono-species biofilms for testing clean-in-place regimes, they have not 
previously been used to grow biofilm ecosystems. This chapter therefore investigates the 
use of poloxamer hydrogels to model dental plaque biofilms. Initially, the growth 
dynamics of eight strains of oral bacteria, grown individually in hydrogels containing 
artificial saliva medium was investigated. Fresh saliva was then used to generate pseudo 
plaques and species monitored by differential viable counting and using eubacterial-
specific PCR-DGGE, combined with tridimensional principal component analysis (3D-PCA). 
Confocal laser scanning microscopy (CLSM) was used to investigate community 
architecture and pH was measured by microelectrode. Artificial saliva supplemented with 
poloxamer (30% w/v) supported normal batch culture growth of the test bacteria. With 
respect to poloxamer salivary microcosms, bacteria attained dynamic stability within c. 
24h of establishment for all bacterial groups enumerated. Inter-individual variations in 
inoculum composition were represented in the model systems; for example lactobacillus 
carriage was highly variable between donors and this was correspondingly manifested as 
variable counts within individual models. CLSM imaging with LIVE/DEAD staining revealed 
the presence of cellular aggregates and nascent biofilm. Acidification analysis showed 
that the pH decreased only in 40% poloxamer supplemented with 0.1, 0.2% and 1% 
sucrose both in water and physiological saline (0.9% NaCl). Poloxamer hydrogels i) 
support growth of oral bacteria in single and mutli-species biofilms with complex 
architecture, ii) maintain compositional stability and iii) reproduce inter-individual 
variation and acidogenesis.  
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4.2  Introduction 
A wide range of oral sites/surfaces are available for colonisation within the oral cavity; 
these include shedding tissues such as the buccal and palate mucosa, and hard non-
shedding surfaces of the teeth and dental restorative materials. A variety of niches 
provides an additional level of complexity where for example, approximal surfaces (i.e 
space between the teeth) may be nutrient limited, highly anaerobic and protected from 
shear forces whereas the labial surface of incisor teeth (i.e. the front of the incisor) are 
relatively nutrient rich but subject to high levels of shear. The oral cavity therefore 
selects for a taxonomically diverse and metabolically heterogeneous microbial community 
termed dental plaque which is predominantly associated with surfaces and which can be 
broadly defined as a biofilm (Aas et al., 2005). Investigations of oral microbiology can be 
broadly classed as: i) in situ investigations of human volunteers; ii) in vitro microcosms 
which use material abstracted from the environment to generate aspects of the 
complexity and species composition of the oral cavity; (iii) reductionist in vitro biofilm 
models using single species or defined consortia and (iv) mathematical models which 
may provide a testable theoretical framework for understanding complex biofilm 
phenomena (Wimpenny, 1997).  
In terms of in vitro approaches, several in vitro models have been developed or adapted 
for maintaining model dental plaques in the laboratory (see Section 1.13). There is 
however no definitive system; each model has strengths and weaknesses and a limited 
number of applications. Widely adopted models such as the constant depth film 
fermenter (CDFF) require specialised apparatus that is difficult to operate and costly. This 
may act as a financial barrier to the adoption of biofilm models. In the current chapter, 
poloxamer hydrogels are evaluated for their potential as artificial biofilm matrices and for 
their ability to reproduce the composition of dental plaque communities. 
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4.2.1  Poloxamer hydrogels 
Poloxamer 407 (Pluronic® F127) is a non toxic block co-polymer composed of 
polyoxyethylene and polyoxypropylene (ratio 70:30). Poloxamer 407 is commonly used as 
an excipient (i.e. an inactive ingredient) in a variety of pharmaceutical formulations such 
as intravenous solutions, aerosols for inhalation, oral solution/suspensions and in 
ophthalmic or topical preparations. Importantly, aqueous solutions of poloxamer possess 
thermoreversible properties characterised by sol-gel transition temperature low 
temperature the solution is liquid but solidification occurs at high temperature (Dumortier 
et al., 2006a). The accurate temperature at which this occurs depends on the 
concentration of gelling agent. Poloxamer 407 is soluble at room temperature (i.e. 18–
22oC) at concentrations of 20-30% (w/v), while at 35% (w/v) concentrations, the 
poloxamer solution forms firm gels which must be cooled for a few minutes at 4 oC to 
liquefy the preparation (Kabanov et al., 2002; Moore et al., 2000; Dumortier et al., 
1991). Sol-gel transition temperatures increase when the poloxamer concentration is 
decreased (Fig 4.1) and the copolymer is fully autoclavable without altering the 
physicochemical properties (Dimitrova et al., 2000; Veyries et al., 2000).  
 
Figure 4.1. Calibration curve of gelling temperature against concentration of F 127  
(Poloxamer 407) (Thomson et al., 2001). 
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As the temperature increases poloxamer 407 copolymer molecules aggregate into 
micelles; the initial step in the gelling process (Fig. 4.2). If the poloxamer is sufficiently 
concentrated, this micellisation will generate a gel-like structure. Concentrations of 
poloxamer 407 ranging from 20% to 40% create a face-centred cubic structure with  
high viscosity, partial rigidity and slow dissolution, ideal for drug delivery (Dumortier et 
al., 2006b) but also readily applicable as artificial biofilm matrices, or as inert supports for 
biofilm growth. 
 
Figure 4.2. Gel formation of Poloxamer 407. The diagram gives a schematic representation of the 
association mechanism of Poloxamer 407 gel formation in water (Dumortier et al., 2006b). 
Poloxamer 407 hydrogels have been previously used for biofilm research; for example, 
for testing the biocide susceptibility of foodborne pathogens (Wirtanen et al., 2001) and 
Pseudomonas aeruginosa (MacLehose et al., 2004), as artificial biofilm constructs; for 
testing the efficacy of antibiotics (Clutterbuck et al., 2007), for the analysis of silver-
containing dressings on infected wound surfaces (Percival et al., 2007) and for 
investigating the effectiveness of disinfectant formulations (Wirtanen et al., 1998).  Since 
the gel formation process is thermoreversible it is theoretically possible to recover biofilm 
bacteria without sonication and surfactant steps frequently necessary when analysing 
normally formed biofilms. Poloxamer biofilm constructs thus represent an effective model 
for assessing biofilm susceptibility for biocides (Gilbert et al., 1998) and this has been 
additionally reported by Härkörnen et al (1991) who demonstrated that constructed 
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poloxamer hydrogel biofilms were highly reproducible with respect to the effects of 
biocide exposure of replicated constructs.  
Ocular applications of poloxamer hydrogels are relatively common where they may be 
used to maintain moisture within thin viscous layers. Kwon et al. (2005) demonstrated 
that no inflammatory responses or toxicities were observed in the conjunctiva of human 
volunteers, and that the material is considered suitably non-toxic for use as an injectable 
intraocular lens material (Kwon et al., 2005). 
With respect to modeling multi-species biofilms, Clutterbuk et al. (2007) demonstrated 
that poloxamer hydrogels could be used as an appropriated medium to grow biofilm from 
28 clinical isolates derived from wound infections to test for antibiotic susceptibility and 
similarly, Kim et al. (2002) used poloxamer hydrogel generated biofilms to test a novel 
antibacterial agent. 
4.2.2  Acidogenicity and dental caries 
The acidogenic theory of dental caries was first proposed by W.D Miller in 1889. Since 
then the caries process and acid production have been widely correlated (Sheng & Liu, 
2000; Komiyama & Khandelwal, 1992; Macgregor, 1959; Bowen, 2002; Bradshaw & 
Marsh, 1998; Bradshaw et al., 1996b). There is still some debate regarding the aetiology 
of dental caries since acid production by dental plaque is not dependent upon the 
presence of specific oral species such as mutans streptococci. Additionally, a large 
number of oral bacteria ferment sugars and produce acids for example, non-mutans 
streptococci, actinomycetes, bifidobacteria and lactobacilli are variously acidogenic and 
aciduric and data support a role for these bacteria in the initiation and progression of 
caries (Beighton, 2005). Community-level metabolic activity in plaque can result in rapid 
changes in dental plaque pH, particularly when fermentable carbohydrates (principally 
sucrose) are supplied (Newman et al., 1979). Due to the obvious implication to oral 
health, cariogenesis has received fervent research attention. For example, Bibby & Fu 
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(1985) studied the effect of artificial sweeteners on the pH of in vitro plaque. They 
compared a series of sweetener solutions equivalent to various sucrose concentrations of 
0.1%, 1% and 10%, as well as sucrose solutions. Similarly, the effects of an intermittent 
supply of a sucrose (5% w/v) was studied by monitoring the pH of microcosm plaques 
using a microelectrode (Sissons et al., 1998).  
The aims of this chapter were to develop and validate an adaptation of the poloxamer 
construct method for the growth and analyses of oral biofilms. The pH change of 
poloxamer constructed oral biofilm was also assessed. 
4.3  Materials and Methods 
4.3.1  Chemicals 
All chemicals used throughout the study were of the highest grade available as described 
in Section 2.1. 
4.3.2  Bacterial strains and maintenance 
Oral bacteria used in this study were as follows: Actinomyces naeslundii WVU (West 
Virginia University) 627, Fusobacterium nucleatum subsp. polymorphum NCTC 10562, 
Lactobacillus rhamnosus AC 413, Porphyromonas gingivalis NCTC 11834, Streptococcus 
mutans NCTC 10832, and Veillonella dispar ATCC 17745 were obtained from Dr David 
Bradshaw, Quest International, Kent, UK. Prevotella oralis NCTC 11459 and Neisseria 
subflava A 1078 were obtained from Prof. Joanna Verran at Manchester Metropolitan 
University, UK. All bacteria (except Neisseria subflava) were grown on Wilkins Chalgren 
anaerobe agar and broth in an Anaerobic Work Station (Don Whitely Scientific, Shipley, 
UK) at 37°C (see Section 2.4). Neisseria subflava was maintained on Wilkins Chalgren 
agar or broth incubated aerobically at 37°C.  Bacteria were stored at -80ºC using 
ProtectTM cryobead vials (Technical Service Consultants Ltd, Heywood, UK). Broth 
cultures of these bacteria for poloxamer validation were prepared in 200 ml flasks which 
were incubated in an anaerobic cabinet for 24 h, except Neisseria subflava, which was 
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incubated in a standard aerobic incubator. Mono-species cultures of test bacteria were 
grown in Wilkins Chalgren Broth (WC) whilst an artificial saliva medium with mucin as a 
major carbon source (as described in Section 2.3) was used to maintain oral biofilm 
microsocoms.  
4.3.3  Human saliva for establishing microcosms 
Fresh saliva collected from three healthy volunteers (3 females; age range from 26-36) 
was collected in sterile Universal bottles. Following collection saliva was processed in 
under 30 minutes. 
4.3.4  Differential bacteriological analyses 
A variety of proprietary agar media (described in Section 2.4) were used to differentially 
isolate and enumerate various functional groups of oral bacteria recovered from biofilms.  
4.3.5  Poloxamer as oral biofilm constructs  
4.3.5.1  Poloxamer preparation 
Poloxamer F127 (ICI plc, Wilton, UK) is a di-block copolymer of polyoxyethylene and 
polyoxypropylene. Aqueous solutions exhibit thermo-reversible gelation, being liquid at 
temperatures < 15ºC and robust gels at temperatures > 15ºC. Solutions 30% (w/v) were 
prepared in chilled modified artificial saliva and refridgerated overnight for dissolving. The 
dissolved poloxamer solutions were then autoclaved and returned to the refridgerator. 
4.3.5.2  Investigation of the growth of selected oral bacteria in poloxamer 
hydrogels 
Poloxamer-artificial saliva mixtures (10ml) were inoculated with early stationary phase 
starter cultures (500 µl) of each test bacterium. Cylinders were prepared to contain the 
gels by cutting a rubber tube (diameter 0.4 cm) into 1 cm lengths. Cylinders (x5) were 
then placed into a WC-mucin [containing (gL-1); 43, WC agar powder; 2, Mucin (type II; 
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porcine; gastric)] agar plate and the cylinder was filled with 50 µl of inoculated 
poloxamer/artificial (Figure 4.3). Plates were then incubated in an anaerobic cabinet (Don 
Whitley Scientific, Shipley, UK; gas mix 10:10:80; H2, CO2; N2) at 37±0.5°C for 5 d. 
Neisseria subflava was incubated in a bench-top incubator (Cole-Parmer, London, UK).  
 
 
Figure 4.3 A diagram showing the use of tube sections to support poloxamer salivary consortia 
on Wilkins Chalgren agar (WC). 
 
4.3.5.3  Investigation of the growth of oral bacteria in poloxamer hydrogels 
These experiments were run as outlined above except that instead of pure cultures of 
test bacteria, they contained fresh saliva (2ml) from three healthy volunteers (Section 
4.3.3) with 8 ml poloxamer-artificial saliva. Cylinders (x10) (Section 4.3.5.2) were placed 
on WC-mucin agar and were filled with 100 µl of inoculum (Figure 4.3).  Inocula were 
derived from 3 volunteers and were analysed individually. The plates were incubated 
anaerobically as described Section 4.3.5.2 for 5 days.  
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4.3.6  Sampling of pure culture bacteria poloxamer biofilms  
Poloxamer biofilms in plastic tubes (Section 4.3.5.2) were aseptically removed at 0, 2, 4, 
8, 24 and 48 h with a sterile disposable loop and then transferred to 950 µl chilled 0.9% 
NaCl in order to liquefy the polxamer. Chilled half strength thioglycolate was used for 
serial dilution before triplicate plating on WC agar. Plates were incubated depending on 
bacterial strains as described in Section 4.3.2. 
4.3.7  Sampling of salivary derived poloxamer biofilms 
After the incubation process two plastic tubes were selected and the poloxamer was 
removed and sampled once per day up to 5 d. One sample was removed and archived at 
-80°C for subsequent PCR-DGGE analyses; another sample was serially diluted in chilled 
half strength thioglycolate before triplicate plating on to selective agars (see Section 2.4).   
4.3.8  Bacteriological analyses  
For bacteriological enumeration samples were analysed as outlined in Section 2.4. 
4.3.9  Acidogenesis analyses 
Poloxamer (40%w/v) was prepared in water and in physiological saline (0.9% NaCl) and 
supplemented with sucrose to final concentrations of 0.1%, 0.2%, 1% and 10% (van 
Houte & Russo, 1985; Harper & Loesche, 1984; Takahashi et al., 1997; Pratten & Wilson, 
1999); and then filled in cylinders (x4) and placed into a WC-mucin agar plate for each 
concentration. All plates were anaerobically incubated as described in Section 2.4. The 
pH measurements were performed with microelectrodes (Microelectrodes, Inc., New 
Hampshire, USA) and recorded at 0, 30, 60 and 120 mins post inoculation.    
4.3.10  Confocal laser scanning microscopy (CLSM) analysis 
Poloxamer biofilms (40 µl each of mixture as described in Section 4.3.5.3) were grown 
for 24 h on a 1µ-Slide 2x9 well uncoated microscopy chamber (Ibidi, Munich, Gemany). 
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Negative controls comprised poloxamer solution without salivary inoculum (see Section 
4.3.5.2). Baclight™ LIVE/DEAD stain (Molecular Probes™, Leiden, The Netherlands) was 
used to differentiate viable and non-viable cells. Prepared staining solution (100µl) was 
added to each well and staining was done according to manufacturer’s instruction. The 
slides were then transferred to the dark where they were incubated for 10 minutes at 
room temperature. Biofilms were imaged as described in Section 3.3.6. 
4.3.11  Consortial profiling by PCR-DGGE 
4.3.11.1  DNA extraction for PCR-DGGE 
DNA derived from consortial bacteria was extracted as described in Section 2.6.1.   
4.3.11.2  PCR amplification and verification 
The V2-V3 region of the eubacterial 16S rRNA gene was amplified as outlined in Section 
2.6.2 and processed as outlined in Section 2.6.2 and 2.6.3. 
4.3.11.3  DGGE analysis 
PCR products (45 µl) derived from oral biofilms samples were resolved using DGGE in 
accordance with the method in Section 2.6.4. 
4.3.11.4  Construction of dendrograms 
Excised bands of interest from DGGE gels were processed as outlined in Section 2.6.5 
and were sequenced for identity as explained in Section 2.6.6. Hierarchical dendrograms 
were analysed following the method described in Section 2.6.7.   
4.4  Statistical analyses   
After testing for normal distribution of data using the Shapiro-Wilk test and assuming no 
evidence of unequal variance, a two sample t-test (2-tailed) was used to evaluate the pH.  
Principal components analysis (PCA) was also used to test the significance of the clusters 
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from dendrogram analysis. Briefly, band matching data analyses from the dendrogram 
were exported to Factor analysis using SPSS version 16, thus generating the three 
principal components which were in turn used to generate the 3D-plot (within Sigma Plot 
v.8) to reveal the spatial arrangement of each community relative to one another. 
4.5  Results   
4.5.1  Batch culture analysis of bacterial pure culture in poloxamer 
Growth of selected pure cultures of oral bacteria in poloxamer is shown in Figure 4.4. All 
bacteria followed a similar trend of growth. The average bacterial density in the lag 
phase and the stationary phase bacterial cells number ranged from 5 to 7 and 9 to 10 
Log10 CFU/ml, respectively. 
4.5.2  Bacterial composition of salivary derived poloxamer biofilms 
Figure 4.5 shows differential bacterial counts from biofilms established in poloxamer 
hydrogel matrices inoculated with fresh saliva for three healthy volunteers during their 
respective sampling duration. Culture analyses of samples indicated that all bacteria had 
attained dynamic steady state within 1 d. The total anaerobe count (9-11 Log10 CFU/ml) 
was higher than facultative anaerobes (8-10 Log10 CFU/ml); whereas the Gram-negative 
anaerobe count was lower (7-9 Log10 CFU/ml). Streptococcal counts were lower (5-7 
Log10 CFU/ml) than facultative anaerobes, anaerobes and Gram-negative anaerobes in all 
volunteers. There was a different level of lactobacilli carriage between individuals and this 
was manifested in correspondingly variable counts within the individual constructs. 
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Figure 4.4. Bacterial growth in 30% (w/v) poloxamer constructs. Data are mean values ± standard 
deviations (n= 3).   
L
o
g
1
0
 C
F
U
/m
l 
Time (h) 
 128 
 
Total facultative anaerobes
1 2 3 4 5
0
2
4
6
8
10
12
Total anaerobes
1 2 3 4 5
0
2
4
6
8
10
12
Total Gram-negative anaerobes
1 2 3 4 5
0
2
4
6
8
10
12
Total Streptococci
1 2 3 4 5
0
2
4
6
8
10
12
Total Lactobacilli
1 2 3 4 5
0
2
4
6
8
10
12
 
 
Figure 4.5. Growth of salivary bacteria in poloxamer biofilms model by bacterial groups as determined by 
viable count. Data are mean values +/- standard deviations from three volunteers. Volunteer 1 (closed 
circles), Volunteer 2 (opened circles) and volunteer 3 (inverted closed triangle). 
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Similarity (%) 
4.5.3  PCR-DGGE analyses 
Complex eubacterial DGGE fingerprints of poloxamer oral biofilm microcosms were 
generated from all three volunteers’ saliva as shown in Figure 4.6. The greatest consortial 
similarity that occurred intra-individually was 97% (between days 4 and 5 for volunteer 
3). In terms of inter-individual variation, the highest concordance value was 89% 
(between volunteers 2 and 3). With respect to consortial similarity, the dendrogram 
(Figure 4.5) indicates that biofilms attained temporal compositional stability in terms of 
major taxa for each volunteer (as was shown with pink, green and blue lines in Figure 
4.6).  
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Figure 4.6. A UPGMA dendrogram (using the Dice coefficient) showing percentage matching of bacterial 
community samples from poloxamer biofilms for five days inoculated with salivary inocula from three separate 
donors (Volunteer 1, Volunteer 2 and Volunteer 3) on their respective sampling day ranging from 1 to 5. Pink 
(Volunteer 1), green (Volunteer 2) and blue (Volunteer 3) lines show construct composition over time for each 
volunteer. 
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4.5.4  Principal components analysis (PCA) 
Figure 4.7 illustrate PCA analyses for band class data associated with the dendrogram 
analysis in Figure 4.5. The total variance of the three principal components was 67.69%. 
The graph shows clustering which is represented by coloured ellipses. Three separate 
putative clusters are apparent, including two clusters (blue and red) that comprise mainly 
samples related principally to individual saliva donors and to the age of biofilms.  
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Figure 4.7. PCA analysis in 3 dimensions (3D-PCA) for 15 poloxamer oral microcosms established 
using 3 volunteers’ saliva for 5 days. Day 1 biofilms (closed circles), day 2 biofilms (closed 
triangles), day 3 (closed squares), day 4 (inverted closed triangles) and day 5 (closed diamonds). 
The red, blue and purple ellipses represent putative clusters. 
 
4.5.5  Acidogenesis analysis 
Figure 4.8 and 4.9 give data for the pH of the microcosms constructs established using 
either water or physiological saline (NaCl 0.9%) as solvent for 40% poloxamer, and with 
various concentrations of sucrose. Whist the water or saline milieu did not markedly alter 
acid production over the short-term incubation, decreases of pH were observed only in 
40% poloxamer supplemented with 0.1% and 0.2% sucrose in saline and water and 1% 
 131 
sucrose in saline. The pHs of the negative controls (with no added sucrose) did not 
markedly change throughout the incubation period.  
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Figure 4.8. pH changes in 40% poloxamer in water with different levels of sucrose supplementation. 
Negative control (closed circles), 0.1% sucrose supplement (opened circles), 0.2% (closed inverted 
triangles), 1% sucrose supplement (opened inverted triangles) and 10% sucrose supplement (closed 
squares). 
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Figure 4.9. pH change in 40% poloxamer in physiological NaCl (0.9%) with different levels of sucrose 
supplementation. Negative control (closed circles), 0.1% sucrose supplement (opened circles), 0.2% (closed 
inverted triangles), 1% sucrose supplement (opened inverted triangles) and 10% sucrose supplement 
(closed squares).  
 
 
4.5.6  Confocal laser scanning microscopy (CLSM) analysis 
Confocal scanning laser micrographs (Figure 4.10) show vitally stained poloxamer, prior 
to inoculation (Fig. 4.10a), immediately after salivary inoculation (Fig. 4.10b) and 24 h 
post-inoculation (Fig. 4.10c). The highest amount of viable (green) and the lowest 
amount of dead (red) bacterial cells were observed 34h post-incolation (Fig 4.10c). 
Unattached viable bacterial cells were detected in the poloxamer matrices immediately 
following inoculation with saliva (Fig 4.10b). Sessile bacteria were present in clusters and 
in layers with surrounding single cells (Figure 4.10c). No bacterial cells were visualised 
prior to inoculation (Figure 4.10a)   
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Figure 4.10. A CLSM showing LIVE/DEAD stained from poloxamer (a) prior to  
inoculation (b) immediately after salivary inoculation and (c) 24 h post- inoculation. 
 
4.6  Discussion 
The investigation of oral bacterial communities is complicated by taxonomic variation 
which is considerable between individuals and also between different sampling sites in 
the mouth. Compositional variation reflects wide variation in environmental conditions 
such as pH, saliva flow and dietary composition etc. (Marsh, 2009). It is therefore difficult 
to interpret data in human volunteer studies where compliance and variation in behaviour 
and physiology are confounding factors that reduce the statistical power. As a result, in 
vitro models have found favour as useful tools for studying the effects of (for example) 
antimicrobial treatments on plaque disposition and composition  (Bradshaw et al., 1996b; 
(c) 
(a) (b) 
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Kinniment et al., 1996a; McBain et al., 2003c; McBain et al., 2005; Patel et al., 2007; 
Kinniment et al., 1996b).  
Two approaches were adopted in the present chapter; i) poloxamer constructs were 
tested for their ability to support mono-species biofilms of oral bacteria under aerobic and 
anaerobic environmental conditions and ii) complex, multiple-species plaques were grown 
in the same system using saliva as inocula. The latter system was evaluated for 
taxonomic composition temporally, and for acidification with and without sucrose 
supplementation. When the constructs were used to grow monospecies biofilms, 
standard batch culture growth dynamics (Bradshaw et al., 2002) were observed and 
thus, in agreement with previous studies (Clutterbuck et al., 2007; Gilbert et al., 1998; 
Kim et al., 2002) the poloxamer matrices did not inhibit bacterial growth and evidently 
acted as a suitable milieu for diffusion of nutrients into the cells and of metabolic 
products out. 
Poloxamer constructs were suited to support salivary micocosms; numbers of the 
functional groups of oral bacteria also supported the suitability of the hydrogel as an 
artificial biofilm matrix. Interestingly, despite the putative finite nutrient availability of the 
system, dynamic steady states were achieved in bacterial counts over 5 d, possibly 
because continuous feeding from the mucin-enriched agar support was relatively 
constant over the course of the experimental runs. Steady states are important for 
investigation of microbial physiology and ecology and are normally associated with 
continuous culture systems (Walker & Sedlacek, 2007; McBain et al., 2003c; McBain et 
al., 2005). In terms of bacterial cell densities that were maintained in the constructs, 
numbers were broadly similar in all bacterial groups including total facultative anaerobes, 
total anaerobes, total Gram-negative anaerobes and total streptococci in each replicated 
model. This reflected low intra-individual variation in the volunteers except for the total 
lactobacilli where variation in the models reflected variation in the salivary inoculum for 
this bacterial group which is not carried by all individuals (Dahlen et al., 2010; Hegde et 
 135 
al., 2005). With respect to reproducibility, similar numbers of bacteria were detected in 
models replicated from the same salivary inoculum (data not shown), such that counts 
were not statistical significantly different (p>0.05). Furthermore, dendrogram analyses 
supported count data in showing that dynamic stability was attained withn the biofilm 
constructs (Figure 4.6). With respect to trends of consortial similarity, three separate 
clusters were demonstrated by 3D-PCA regarding biofilm age (Figure 4.7), such that 
older biofilms exhibited greater consortial concordance than the younger biofilm or stay 
within the same ellipse. CLSM image analysis indicated the presence of biofilms within 
poloxamer matrices. The present study indicated that pH of poloxamer biofilm containing 
sucrose decreased after c. 10 mins following inoculation with saliva in a concentration 
dependent manner. This trend was similarly observed in a previous study of an axenic 
culture (Bradshaw et al., 2002) and in dental plaque suspension (Van Houte et al., 1991).  
4.7  Conclusion 
Poloxamer hydrogels support the growth of salivary bacterial consortia and may stably 
reproduce individual and inter-individual variation. CLSM confirmed the presence of 
biofilms within poloxamer matrices. These findings also demonstrate the potential utility 
of applying DGGE and PCA to monitor bacterial community profiles. Overall, this study 
has shown the effectiveness of the poloxamer to construct oral biofilms. Additionally, 
poloxamer biofilm constructs are relatively simple to prepare and manage and could 
potentially be used in situ. The findings of this study also suggest that poloxamer could 
be used as an alternative system to study aspects such as acid production, drug delivery, 
antimicrobial testing and antiseptic testing. However, further investigations are necessary 
to substantiate this assertion in particular a quantitative study of this technology would 
help clinicians and microbiologists to determine prevention and treatment of serious 
biofilm infections. 
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Chapter 5  
 
Compositional Analyses of Oral 
Bacterial Communities in Healthy 
Individuals and in Type 2 Diabetes 
Patients Living in Southern 
Thailand 
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5.1  Abstract 
Type 2 diabetes mellitus (T2DM), an important systemic disease, is increasingly common 
in Thailand and elsewhere and significantly affects quality of life and oral health. Whilst 
previous studies have investigated the bacteriological composition of saliva and 
subgingival dental plaque in periodontal disease among diabetic and non-diabetic 
subjects, few reports have compared the microbial composition of saliva, supragingival 
plaque and degraded dentine in diabetic patients. In the current study therefore, 
differential quantitative culture and PCR-DGGE were used to i) investigate the possible 
association between the systemic biomarkers such as fasting blood sugar (FBS), 
haemoglobin A1c (HbA1c) with decay, missing and filled teeth (DMFT) and with salivary 
streptococci and lactobacilli; ii) compare the composition of oral bacteria in saliva and in 
supragingival plaque of diabetics with non-diabetics  and iii) assess the composition of 
salivary and supragingival microbiotas in T2DM patients with and without dental caries. 
Data indicated that the incidence of dental caries were elevated in T2DM compared to in 
healthy individuals but that the oral bacterial composition in supragingival plaque of 
T2DM and healthy individuals was not significantly different. Putative correlations 
between FBS/HbA1c and salivary streptococci/lactobacilli were marginally statistically 
significant for streptoccci. However, a negative association between FBS/HbA1c and 
DMFT was observed. Whilst the oral microbiota profiles of diabetic and non-diabetic 
individuals could not be differentiated by PCR-DGGE and Principal Component Analysis 
(PCA) salivary profiles from T2DM patients with and without caries clustered separately. 
With respect to bacterial consortia associated with degraded dentine, few trends were 
apparent, but the presence of Prevotella nigrescens, Neisseria mucosa and Streptococcus 
sanguinis were associated with diabetes. 
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5.2  Introduction                                                                                                                                                                                        
Diabetes mellitus (DM) refers to a group of metabolic diseases characterised by 
hyperglycaemia resulting from defects in insulin secretion, insulin action or both. The 
number of cases of diabetes worldwide in the year 2000 among adults over 20 years of 
age was estimated to be 171 million, while the incidence in India, China and other Asian 
countries has been estimated at c. 75 million (Wild et al., 2004). In Thailand, the 
prevalence of type 2 DM (T2DM) was 12.0% in 1995 (Cockram, 2000). Based on the new 
criteria for DM diagnosis (ADA, 2003), the prevalence of diabetes and impaired fasting 
glucose (IFG) in the Thai population in 2004 was 6.7% and 12.5%, respectively 
(Aekplakorn et al., 2007).  
The determination of the microbial composition of plaque which forms adjacent to dental 
caries and elsewhere on the dentition of children using reverse capture checkerboard 
hybridisation has demonstrated that bacteriologically distinct plaques form at these sites 
(Becker et al., 2002). For example, S. mutans and the S. mitis-S. oralis-S. pneumoniae 
group occurred at higher levels in healthy sites of subjects with caries than in caries-free 
subjects; and the widely accepted strong relationship to dental caries for S. mutans was 
also observed in this study. 
The presence of dental plaque, where hygienic control is suboptimal or sugar intake 
excessive may lead to dental caries which is a progressive oral disease (see Section 
1.9.1) that can extend from the enamel at the surface of the tooth to underlying dentine 
from where microorganisms can gain access to dental pulp (the core of the tooth that 
includes nervous tissue and the blood supply) (Love et al., 2000). Several theories have 
been proposed for the aetiology of dental caries; these include the non-specific plaque 
hypothesis which holistically suggests that oral disease results from the outcome of the 
interactions among the component species (Theilade, 1986), the specific plaque 
hypothesis which attributes causation to a very limited number of species (the specific 
pathogens) and the ecological plaque hypothesis where disease results from shifts in the 
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balance of the resident plaque microbiota as a metabolically and pathogenically functional 
entity (Loesche, 1979; Loesche, 1999). 
Changes of dental biofilm composition and metabolism may increase the proportions of 
pathogenic oral bacteria (Burne, 1998). Furthermore, oral bacteria colonising tooth 
surfaces produce extracellular polymers including complex carbohydrates and nucleic 
acids which form a protective matrix that contributes to the development of dental caries 
through direct apposition of the acidified matrix (Jakubovics & Kolenbrander, 2010). With 
respect to DM, chronic hyperglycaemia has been associated with poorly controlled 
diabetes and long-term damage, dysfunction and failure of various organs. Individuals 
with poor blood glucose control frequently suffer from side effects that affect quality of 
life (Chaveepojnkamjorn et al., 2008). The association between diabetes mellitus and 
periodontal disease (Taylor et al., 1998), dental caries (Hintao et al., 2007a) and 
hyposalivation (Khovidhunkit et al., 2009) has been frequently investigated. For example, 
62% of T2DM patients suffer from xerostomia (Khovidhunkit et al., 2009) whilst 
advanced periodontitis sites were more frequent in diabetics than non-diabetics 
(Sandberg et al., 2000). Poor glycaemic control has been correlated with an increased 
risk of alveolar bone loss and a more severe progression of periodontitis (Taylor et al., 
1998). Sandberg et al. (2000) reported a higher frequency of initial caries in diabetic 
groups than in the healthy. Whilst the reasons for the reported increased incidence of 
dental caries in T2DM remains unclear (Ship, 2003), it has been associated with higher 
salivary numbers of oral pathogens such as mutans streptococci and lactobacilli and with 
elevated rates of xerostomia (dry mouth due to insufficient saliva) and hyposalivation 
(Khovidhunkit et al., 2009). Ledder et al. (2007) investigated the subgingival microbial 
composition of healthy subjects and diabetic patients whilst Hintao et al. (2007b) similarly 
studied saliva and dental plaque samples. There are relatively few studies in the literature 
concerning the bacterial profiles of saliva and supragingival plaque in healthy subjects 
and diabetic patients and to date, none has investigated potential associations between 
the bacterial profiles of saliva, supragingival plaque and degraded dentine obtained from 
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diabetic patients. The aim of this chapter therefore was to conduct a cross-sectional 
study into potential differences between bacterial communities in healthy individuals and 
in T2DM patients and to profile bacterial consortia at different sample sites in T2DM 
patients with and without caries living in Southern Thailand. Differential quantitative 
culture combined with PCR-DGGE analysis was used to study these bacterial 
communities. Consortial fingerprints were subjected to UPGMA dendrogram analyses 
(Fromin et al., 2002) and dominant bands were sequenced  for identity (McBain et al., 
2003c; McBain et al., 2003d). Potential associations between FBS or HbA1c and the 
number of salivary streptococci or lactobacilli were also analysed. 
5.3  Experimental methods 
5.3.1  Subjects 
This study was approved by the Ethics committee of the Faculty of Medicine and the 
Faculty of Dentistry, Prince of Songkla University (PSU), Hat-Yai, Thailand. Informed 
consent was obtained before the study was performed. Ten healthy volunteers (F=6, 
M=4), age range 30 to 65 years (mean age, 37.1) and 20 diabetic patients (F=15, M=5), 
age range 42 to 78 years (mean age, 56.4) were investigated. Patients who were 
diagnosed with other diseases such as chronic pancreatitis before T2DM diagnosis and 
subjects with other types of diabetes were excluded. The diagnosis and classification of 
T2DM followed the categories recommended by the American Diabetes Association (ADA) 
(ADA, 2003). All diabetic patients were invited from the endocrinological clinic at 
Songklanakarin Hospital, Faculty of Medicine. Participants in this study were selected by 
random sampling and then separated into three study groups; non-diabetic subjects, 
diabetics without caries and diabetics with caries. The non-diabetic group comprised 
metabolically healthy individuals. All diabetic patients and healthy controls were invited to 
participate in a dental examination. All diabetic patients’ information files were reviewed 
until their most recent dental examination. The duration of disease, fasting blood sugar 
level, HbA1c (a biomarker of long-term glucose control) and treatment options (dietary 
control, oral medication, insulin injection) were reviewed from hospital charts. Other 
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information which related to personal patient background and behaviour (such as family 
history of DM, history of excessive consumption of sweet foods, history of smoking and 
dry mouth), was recorded before dental examination and treatment was completed. 
Caries prevalence was recorded according to the DMFT index whereby D refers to the 
number of untreated carious teeth, F represents the filled teeth and M refers to the 
number of extracted teeth due to caries (www.whocollab.od.mah.se/expl/orhdmft.html) 
(WHO, 2000). The DMFT index provides an indication of caries experience (current or 
previous caries activity). Teeth which were extracted due to periodontal disease or for 
orthodontic reasons were excluded from this index. Additionally, concentrations of HbA1c 
were measured in all diabetes patients. HbA1c is a long-term biomarker for plasma 
glucose control which indicated how patients controlled their plasma glucose level. 
Patients with poor glucose control were indicated by HbA1c levels equal or higher than 
7% (ADA, 2007; Maraldi et al., 2007) .  
5.3.2  Specimen collection 
5.3.2.1  Saliva samples 
Unstimulated saliva from all patients was collected into sterile Universal bottles by 
expectoration over 5 min., stored on ice and carried from clinic to the laboratory for serial 
dilution which was completed within 30 minutes following sample collection, a portion of 
each inoculum was aliquoted and archived at -60°C for subsequent analysis.  
5.3.2.2  Dental plaque 
Dental plaque samples for all the investigations were freshly obtained. Supragingival 
plaque (see Figure 3.1) was collected from two regions of the oral cavity; plaque 
associated with healthy enamel and plaque obtained from carious lesions. In all cases, 
plaque was collected as outlined in Section 2.5.2.  
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5.3.2.3  Degraded dentine 
Degraded dentine (Figure 5.1) was removed after rinsing debris with water using the 
tools and processes outlined in Section 2.5.3.  
 
 
Figure 5.1. A diagrammatical representation of the location of degraded dentine (decay).  
 
5.3.3  Differential bacteriological analyses 
For bacteriological enumeration, samples of saliva, dental plaque and degraded dentine 
were analysed as outlined in Section 2.4. 
5.3.4  DNA extraction for eubactrial-specific PCR-DGGE  
Bacterial DNA was extracted as described in Section 2.6.1.   
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5.3.5  PCR-DGGE analysis 
The V2-V3 region of the eubacterial 16S rRNA gene was amplified as outlined in Section 
2.6.2 and processed as outlined in Sections 2.6.3 to 2.6.4. 
5.3.6  Selected band excision and reamplification for sequencing 
Bands of interest (on the basis of unique position, prevalence or density) were 
reamplified and sequenced according to methods outlined in Section 2.6.5. 
5.3.7  Sequencing and construction of dendrograms  
PCR products derived from excised DGGE bands were purified using a QIAquick PCR 
purification kit as outlined in Section 2.6.6 and 2.6.7. 
5.3.8  Statistical analysis 
The continuous variables results were presented by descriptive analysis as the sample 
size, mean ± SD and their normality was checked with the Shapiro-Wilk test. Data were 
analysed using Statistical Package for Social Sciences (SPSS). The Student’s t-test was 
used to compare means between the two groups. A forward, linear regression was 
constructed using SPSS version 16.0 to examine two relationships.  
The Shannon Wiener index of diversity (H’) was used to determine the diversity of 
eubacterial present in each sample using the following equation: 
  
 (H’) = Σ (Pi) (loge Pi) 
 
Where s is the number of species (species richness) and Pi is the proportion of species in 
the sample i. The Shannon Wiener index was compared between saliva, supraginigval 
s 
i=1 
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plaque and degraded dentine in diabetic patients with caries on each testing interval, 
using the Mann-Whitney U test, performed using SPSS version 16.0. 
5.4  Results 
5.4.1  Analysis of characteristics in Type 2 diabetes mellitus patients (T2DM)  
Ten healthy (F=6, M=4) age range 30 to 65 years (mean of 37.1) and mean DMFT score 
6.8±4.6. There were no significant differences between healthy and T2DM patients with 
respect to age range and gender distribution. The T2DM group however, had a 
significantly higher DMFT score than did the healthy volunteers (p<0.05). Biological data 
for T2DM volunteers with and without caries are shown in Table 5.1.  
Table 5.1. Clinical data for T2DM patients. 
Characteristic T2DM without caries (n=10) T2DM with caries (n=10) 
Age (year) (min-max) 57.3 (42-78) 55.5 (43-73) 
Sex  (F=6, M=4) (F=9, M=1) 
Duration of DM (year) 7.20 ± 5.27 5.90 ± 2.96 
FBS (mg %) 154 ± 73.1 167 ± 54.3 
FBS >150 mg % 30% (239 ± 86.5) 55.6% (206 ± 38.9) 
Poor diabetic control  
(HbA1c ≥ 7%) 
40% (7.88 ± 0.87) 70% (8.66 ± 1.43) 
Sweet food or fruit intake at 
least once a day 
70% 80% 
Current  smoker 0 0 
Dry mouth feeling  60% 50% 
Family history 8 (80%) 8 (80%) 
Plaque indexa 0.46 (± 0.54) 0.96 (± 0.64) 
DMFT index 16.6 ± 9.22 16.4 ± 7.46 
T2DM, Type 2 Diabetes mellitus; F, female and M, male; FBS, Fasting blood glucose;  
HbA1c, Haemoglobin A1c; DMFT, D=decay, M=missing, F=filling teeth. 
Family history refers to number of genetic relatives with T2DM.  
a significant (p<0.05) 
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There were a greater proportion of females in T2DM groups with and without caries. The 
prevalence of poorly controlled FBS (>150 mg %) and HbA1c (≥ 7%) was higher in the 
T2DM with caries group than in T2DM volunteers without caries. There was no difference 
between the two groups with respect to diabetes family history. Data in Table 5.1 shows 
that DMFT indices in T2DM volunteers without caries were not statistically different from 
DMFT indices in T2DM with caries. However, the plaque index score was significantly 
higher in the T2DM with caries group. 
Table 5.2. DMFT indices and associated components (D, M and F) according to the level 
of control of T2DM.  
 
 
Well controlled T2DM  
 (n=9) 
 
Poorly controlled T2DM  
 (n=11) 
Decayed 1.11 ± 1.66 2.82 ± 3.24 
Missing 10.44 ± 5.31 7.73 ± 7.72 
Filling 8.67 ± 5.73 4.72±4.75 
DMFTa 20.22 ± 5.39 13.46 ± 8.86 
Well refers to individuals with a HbA1c level < 7% 
Poor refers to individuals with a HbA1c level ≥ 7% 
a significant (p<0.05) 
 
Data in Table 5.2 indicate that DMFT scores were significantly higher (p<0.05) in the 
group with well controlled diabetes than in the poorly controlled group. Specifically, the 
filling and missing scores in those with well controlled diabetes were higher than in the 
poorly controlled group, while the decay score was higher in the group with poorly 
controlled diabetes. 
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5.4.2  Bacteriological analyses 
Five major functional groups of oral bacteria; the total facultative anaerobes, total 
anaerobes, total Gram-negative anaerobes, total streptococci and total lactobacilli in 
saliva, supragingival plaque and degraded dentine obtained from diabetic and non-
diabetic volunteers are shown in Figure 5.2.  
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Figure 5.2. Box plots of differential major oral bacteria groups i.e. Total facultative anaerobes, Total 
anaerobes, Total Gram-negative anaerobes, Total streptococci and Total lactobacilli; NDS (non diabetic 
saliva), DS (diabetic saliva), NDP (non diabetic’s dental plaque), DP (diabetic’s dental plaque) and DC 
(diabetic’s carious lesion). Box plot shows median, percentile (first and third percentile) and the minimum-
maximum distribution of value. Outlier values have been presented as dots. Significance (p<0.05) is 
indicated by the asterisk. 
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Mean total counts of facultative anaerobes and anaerobes were c. 8 Log10 CFU/ml. Gram-
negative anaerobes constituted the numerically dominant single functional group with 
counts ranging between 5 and 9 Log10 CFU/ml. Mean numbers of total streptococci and 
lactobacilli were c. 6 and 4 Log10 CFU/ml respectively. In terms of differences in 
abundance of bacterial groups between the various test groups, salivary and plaque total 
streptococci were significantly higher (p<0.05) in T2DM than in health and in diabetic 
supragingival plaque than in degraded dentine. Total lactobacilli numbers were 
significantly higher in diabetic than in healthy plaque (p <0.05) and higher in degraded 
dentine than in diabetic plaque (p <0.05). No significant differences were detected in for 
Gram-negative anaerobes between patient groups.  
The bacteriological composition of saliva, supragingival plaque and degraded dentine 
obtained from T2DM volunteers are shown in Figure 5.3. Numbers of salivary Gram-
negative anaerobes were significantly higher (p<0.05) in T2DM without caries than T2DM 
with caries whilst numbers of this bacterial group was lower in degraded dentine than in 
supragingival plaque. Numbers of salivary total lactobacilli were significantly lower 
(p<0.05) in the T2DM without caries group than in the T2DM with caries group; in 
supragingival plaque from T2DM without caries than T2DM with caries; and in T2DM 
supragingival plaque than T2DM degraded dentine.  
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Figure 5.3. Differential bacterial composition from various sites between diabetic patients with and without 
dental caries; Total facultative anaerobes, Total anaerobes, Total Gram-negative anaerobes, Total 
streptococci and Total lactobacilli; NCS (non caries saliva), CS (caries saliva), NCP (non carious dental 
plaque), CP (carious dental plaque) and CL (carious lesion). See legend to Figure 5.1. Asterisk indicates 
significant differences between groups. 
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5.4.3  PCR-DGGE  
Complex salivary eubacterial DGGE fingerprints of bacteria derived from oral bacteria 
were observed for all volunteers, regardless of disease status, as shown in Figure 5.4 and 
from diabetic patients with and without caries (Figure 5.5). DGGE fingerprints were 
characterised by the presence of approximately 12 dominant bands with a background of 
10-15 less intense bands. Figure 5.4 shows a dendrogram generated from DGGE 
fingerprints of the salivary eubacterial communities of non-diabetic subjects and T2DM 
patients created using the UPGMA method. 
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Figure 5.4. A UPGMA dendrogram showing percentage matching of salivary DGGE profiles from 
healthy subjects and T2DM patients. Healthy subjects (Non DM); T2DM (DM). Corresponding to 
volunteers 1-10 from the healthy subject group and patients 1-20 from T2DM patients. 
 
The highest dendrogram concordance (90%) occurred between two unrelated healthy 
individuals. The highest similarity of DGGE profiles between healthy and T2DM patients 
was 86%, whilst the highest similarity of DGGE profiles obtained from diabetic patients 
was 77%. In general, the matching between the majority of lanes occurred at the 60 to 
80% similarity level. 
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Table 5.3. Shannon-Wiener index of salivary bacterial communities in healthy and in 
T2DM  patients. 
Groups Patients 
No. 
Health T2DM 
1 3.258 3.178 
2 3.296 3.045 
3 2.944 3.296 
4 3.135 2.996 
5 3.332 3.178 
6 3.219 2.773 
7 2.565 2.89 
8 2.773 2.565 
9 2.708 2.485 
10 2.89 2.773 
11 2.89 na 
Na, not applicable 
With respect to comparisons of total salivary bacterial diversity in healthy and T2DM 
patients the Shannon-Wiener index values in Table 5.3 give the taxonomic richness of 
samples. These data indicate that inter-individual variation within both healthy and T2DM 
groups were comparable to the mean variations between both groups and therefore 
healthy and diseased individuals could not be differentiated on this basis. 
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Figure 5.5. A UPGMA dendrogram showing percentage matching of saliva from T2DM 
patients with and without dental caries. Blue crosses correspond to T2DM patients 
without caries and green crosses to T2DM with caries. 
 
Dendrograms of salivary eubacterial communities for T2DM with and without caries are 
shown in Figure 5.5. There was no obvious differentiation on the basis of caries status. 
The highest similarity of DGGE profiles between two individuals was observed at 80%; 
matching between the majority of lanes occurred at the 60 to 80% similarity level.  
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Figure 5.6. A UPGMA dendrogram for DGGE fingerprints from T2DM patients with dental 
caries. Saliva (S), dental plaque from non-carious teeth (P-NC); dental plaque from carious 
teeth (PC) and degraded dentine (C) from patients 1-10. Ellipses represent putative clusters 
of samples. 
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Figure 5.6 is a dendrogram derived from DGGE fingerprints of bacterial communities from 
saliva, dental plaque and degraded dentine obtained from T2DM patients with caries. The 
highest consortial concordance was 87% (between saliva and plaque at non-caries sites). 
The concordance of the majority of lanes occurred at 60%-80%. The highest similarity 
between DGGE profiles was between saliva and plaque at carious sites (85%); between 
plaque at non-carious and carious sites (84%); and between plaque at carious sites and 
degraded dentine (81%).  
Analysis of DGGE fingerprints, where the number of bands is broadly proportional to 
eubacterial diversity did not reveal any association between diversity and sample site 
(see Table 5.4). However, there were four separate potential clusters which have been 
represented by four ellipses (Figure 5.6). The two purple ellipses represent potential 
clusters of saliva, dental plaque from carious teeth and degraded dentine. The blue 
ellipses represent clusters of salivary consortia, dental plaque at non-carious teeth, dental 
plaque at carious teeth and degraded dentine. 
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Table 5.4. Shannon-Wiener indices of bacterial communities from different sample sites 
derived from T2DM patients with caries.    
Different sample sites  
Patients 
Saliva Dental plaque 
from non-carious 
teeth 
Dental plaque 
from carious 
teeth 
Degraded 
dentine 
1 3.178 3.401 3.178 3.367 
2 3.045 3.401 3.178 3.178 
3 3.296 3.219 3.178 3.045 
4 2.996 3.219 3.296 3.178 
5 3.178 2.944 3.219 2.89 
6 2.773 3.091 3.611 2.833 
7 2.89 2.944 3.045 2.485 
8 2.565 2.708 3.258 2.197 
9 2.485 3.045 2.833 2.485 
10 2.773 2.833 1.609 2.398 
 
5.4.4  Sequence analysis of selected DGGE amplicons 
Selected DGGE bands were excised and sequenced for identity (Table 5.5) following 
identification using the synthetic reference lane that was generated using the 
BioNumerics software. For each band in the synthetic reference lane, corresponding 
excised bands were identified for subsequent sequence analysis. Representative gel lanes 
(S, PNC, PC and C), together with a diagrammatic representation of the synthetic 
reference lane is shown in Fig. 5.7. Table 5.5 indicates the closest taxonomic relatives of 
sequenced bands, based on results of BLAST searches. In all cases, bands in the same 
position, but in different lanes were excised and sequenced to confirm that they were the 
same identity (data not shown). Data in Table 5.5 includes the incidence of each 
bacterium in healthy and T2DM subjects. 
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Figure 5.7. A negative DGGE gel image constructed to show DGGE profiles of selected plaque samples 
from non-carious and carious sites and degraded dentine. Salivary ladder derived from a saliva sample 
was used for alignment purposes. The image includes a diagrammatic representation of the migration 
positions of sequenced bands and a key linked to Tables 5.5 and 5.6 indicating the identities of closest 
relatives (based on sequencing).  
S; saliva, PNC; plaque from non-carious sites, PC; plaque from carious sites and C; degraded dentine. 
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Table 5.5. Sequences of PCR amplicons derived from DGGE gels and identities based on the BLAST database obtained from non diabetic individuals and 
T2DM patients. 
Incidence   
Sequence No. 
 
Closest relative  (% sequence similarity)a 
 
Sequence length (bp)b 
NDM-S 
(%) 
DM-S 
(%) 
NDM-P 
(%) 
DM-P 
(%)  
1 Weissella confusa AB425970 (99%) 152(0) 8(80) 7(35) 8(80) 15(75) 
2 Uncultured bacterium FJ470507 (92%) 158(1) 0(0) 1(5) 0(0) 4(20) 
3 Capnocytophaga gingivalis GU410488 (100%) 193(0) 2(20) 2(10) 1(10) 9(45) 
4 Leuconostoc mesenteroides GU907675 (98%) 173(0) 0(0) 4(20) 2(20) 3(15) 
5 Capnocytophaga granulosa GU410101 (92%) 150(1) 3(30) 6(30) 6(60) 10(50) 
6 Capnocytophaga sp. oral taxon GU412131 (100%) 158(0) 3(30) 13(65) 6(60) 9(45) 
7 Leuconostoc citreum FN796873 (97%) 168(2) 5(50) 5(25) 2(20) 8(40) 
8 Lactobacillus fermentum GU417381 (98%) 169(0) 5(50) 4(20) 3(10) 12(60) 
9 Capnocytophaga gingivalis GU410378 (95.5%) 281(1) 5(50) 7(35) 6(60) 12(60) 
10 Staphylococcus aureus GU594473 (99%) 172(0) 6(60) 12(60) 6(60) 10(50) 
11 Pseudomonas sp EF517951 (95%) 161(1) 3(30) 13(65) 6(60) 17(85) 
12 Fusobacterium nucleatum subsp. Polymorphum AB550231 (91%) 262(4) 5(50) 8(40) 2(20) 12(60) 
13 Capnocytophaga ochracea GU561330 (98%) 169(4) 5(50) 4(20) 3(30) 9(45) 
14 NS 150(2) 3(30) 2(10) 6(60) 11(55) 
15 Capnocytophaga gingivalis GU410488 (97%) 150(1) 7(70) 6(30) 5(50) 10(50) 
16 Prevotella multisaccharivorax GU427588 (100%) 148(0) 6(60) 10(50) 4(40) 15(75) 
17 Bacteroides vulgatus CP000139 (78%) * 141(0) 4(40) 4(20) 3(30) 12(60) 
18 NS 149(0) 6(60) 6(30) 6(60) 9(45) 
19 Prevotella multisaccharivorax AB200414 (98%) 150(0) 2(20) 4(20) 1(10) 6(30) 
20 Streptococcus mutans GU424617 (100%) 174(1) 5(50) 10(50) 5(50) 14(70) 
21 Lautropia sp. oral taxon GU428984 (97%) 170(3) 4(40) 11(55) 3(30) 10(50) 
22 Corynebacterium sp. oral taxon GU429038 (100%) 161(0) 3(30) 6(30) 0(0) 8(40) 
23 Uncultured bacterium GQ034914 (94%) 159(1) 1(10) 2(10) 0(0) 4(20) 
24 Neisseria meningitidis alpha EM889136 (78.9%)* 147(0) 1(10) 2(10) 3(30) 2(10) 
25 Streptococcus sanguinis GU426625 (93%) 154(1) 0(0) 1(5) 1(10) 5(25) 
26 Capnocytophaga sp. oral taxon GU470889 (94%) 143(0) 5(50) 4(20) 1(10) 8(40) 
27 Uncultured bacterium isolate DGGE gel band B2-PM FJ535449 (92%) 145(1) 3(30) 4(20) 0(0) 3(15) 
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28 Streptococcus sp. oral taxon GU432139 (95%)  149(0) 2(20) 2(10) 4(40) 3(15) 
29 Capnocytophaga sp. oral taxon GU410274 (97%) 165(3) 3(30) 3(15) 4(40) 8(40) 
30 Uncultured bacterium HM323408 (98%) 158(2) 4(40) 2(10) 3(30) 6(30) 
31 Veillonella parvula GU406864 (94%) 157(0) 3(30) 8(40) 0(0) 7(35) 
32 Veillonella parvula CP001820 (78.8%)* 150(3) 1(10) 7(35) 2(20) 6(30) 
33 Prevotella tannerae GU413107 (94%) 153(1) 2(20) 4(20) 0(0) 6(30) 
34 Corynebacterium matruchotii GU420818 (99%) 165(2) 2(20) 3(15) 1(10) 2(10) 
35 Neisseria mucosa GU423117 (99%) 169(2) 0(0) 4(20) 0(0) 4(20) 
36 Neisseria subflava GU413333 (90%) 165(0) 1(10) 4(20) 1(10) 2(10) 
37 Prevotella oris GU409760 (97%) 150(1) 2(20) 2(10) 2(20) 7(35) 
38 Uncultured bacterium HM345119 (100%) 159(0) 0(0) 3(15) 1(10) 3(15) 
39 Prevotella tannerae GU413080 (95%) 147(0) 0(0) 0(0) 0(0) 5(25) 
40 Corynebacterium matruchotii GU420869 (91%) 147(1) 1(10) 1(5) 2(20) 3(15) 
41 Prevotella nigrescens GU424682 (97%) 159(0) 0(0) 2(10) 0(0) 5(25) 
42 Corynebacterium matruchotii GU420729 (100%) 164(1) 2(20) 0(0) 3(30) 5(25) 
43 Propionibacterium propionicum GU425701 (99%) 134(0) 1(10) 3(15) 2(20) 3(15) 
44 Propionibacterium propionicum GU425679 (96%) 263(1) 2(20) 9(45) 5(50) 15(75) 
45 Selenomonas sp. oral taxon GU431032 (91%) 164(0) 4(40) 7(35) 4(40) 6(30) 
46 Corynebacterium matruchotii GU420812 (96%) 157(0) 0(0) 3(15) 2(20) 7(35) 
47 Uncultured bacterium HM345119 (100%) 167(2) 4(40) 2(10) 0(0) 1(5) 
48 Corynebacterium sp. oral taxon GU429064 (99%) 160(0) 3(30) 2(10) 2(20) 3(15) 
49 Neisseria flavescens GU417565 (96%) 157(0) 0(0) 0(0) 1(10) 3(15) 
50 Uncultured Corynebacterium sp. AM420211 (100%) 295(4) 0(0) 4(20) 3(30) 10(50) 
51 Corynebacterium matruchotii GU420728 (100%) 171(2) 0(0) 6(30) 4(40) 11(55) 
52 Lautropia mirabilis GU397907 (100%) 164(0) 2(20) 6(30) 6(60) 11(55) 
53 Rothia dentocariosa GU416838 (100%) 151(0) 3(30) 3(15) 6(60) 13(65) 
54 Actinomyces viscosus GU561308 (99%) 165(0) 3(30) 5(15) 3(30) 7(35) 
a Similarities are based on pairwise alignments with published sequences according to BLAST searches and indicate similarity, not guaranteed identity. Sequence numbers 1 to 54 refer to 
consecutive DGGE band positions from the top to bottom of the synthetic reference ladder. 
b The number of ambiguous bases for an individual band is given in parentheses.  
c Refers to the percentage incidence of each unique band in non diabetic and diabetic individuals.  
NS, sequence had no significant database match.  
NDM-S, non-diabetic individuals saliva; DM-S, diabetic patients saliva; NDM-P, non-diabetic individuals plaque; DM-P, diabetic plaque.  
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Data in Table 5.5 shows that Weissella confusa (AB425970) was the most commonly 
detected bacterium (frequency 80%) in healthy patients (saliva and supragingival 
plaque). Capnocytophaga gingivalis (GU410488) and Prevotella multisaccharivorax 
(GU427588) were the second and third most prevalent strains found in healthy saliva at 
70% and 60% incidence respectively. Other prevalent bacteria (60%) detected in healthy 
supragingival plaque were related to Capnocytophaga spp., Staphylococcus aureus 
(GU594473), Pseudomonas sp. (EF517951), Lautropia mirabilis (GU397907) and Rothia 
dentocariosa (GU416838). Capnocytophaga sp. oral taxon (GU412131) and Pseudomonas 
sp. (EF517951) were highly prevalent in T2DM saliva (65% incidence), Staphylococcus 
aureus (GU594473) occurred at 60% and Lautropia sp. oral taxon (GU428984) at 55% 
incidence rate. Pseudomonas sp. (EF517951) was the most prevalent (85%) bacterium 
detected in T2DM dental plaque. With respect to T2DM dental plaque, Weissella confusa 
(AB 425970), Prevotella multisaccharivorax (GU427588) and Propionibacterium 
propionicum (GU425679) occurred frequently (all 75%), whilst the incidence rate for 
Rothia dentocariosa (GU416838) was 65%. 
Based on the data in Table 5.5 for salivary composition, healthy individuals were 
associated with higher levels of bacterial diversity in comparison to T2DM patients. 
However, in contrast to dental plaque, taxonomic diversity was higher for T2DM patients 
than for the non-diabetics. The following bacteria were detected in the saliva of T2DM 
patients but not in the non-diabetics: Uncultured bacterium (FJ470507), Streptococcus 
sanguinis (GU426625), Neisseria mucosa (GU423117), uncultured bacterium 
(HM345119), Prevotella nigrescens (GU424682), Corynebacterium matruchotii 
(GU420812), uncultured Corynebacterium sp. (AM420211) and Corynebacterium 
matruchotii (GU420728). Neisseria flavescens (GU417565) was detected but never in 
saliva, while Prevotella tannerae (GU413080) was detected only in T2DM dental plaque 
(25% incidence). Neisseria mucosa (GU423117) and Prevotella nigrescens (GU424682) 
were detected only in T2DM patients (at 20% and 10% respective incidence in saliva; 
20% and 25% respective incidence in dental plaque).  
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Table 5.6. Sequences of PCR amplicons derived from DGGE gels and identities based on the BLAST database derived from T2DM patients with and 
without caries. 
No. of volunteers (incidence)c  
Sequence No. 
 
Closest relative (% sequence similarity)a 
 
Sequence length (bp)b 
DMNC-S 
(%) 
DMC-S 
(%) 
DMNC-P 
(%) 
DMC-PNC 
(%) 
DMC-PC 
(%) 
DM-C 
(%) 
1 Weissella confusa AB425970 (99%) 152(0) 2(20) 5(50) 4(40) 5(50) 6(60) 4(40) 
2 Uncultured bacterium FJ470507 (92%) 158(1) 1(10) 0(0) 1(10) 3(30) 0(0) 3(30) 
3 Capnocytophaga gingivalis GU410488 (100%) 193(0) 2(20) 0(0) 1(10) 4(40) 4(40) 2(20) 
4 Leuconostoc mesenteroides GU907675 (98%) 173(0) 1(10) 3(30) 1(10) 2(20) 0(0) 2(20) 
5 Capnocytophaga granulosa GU410101 (92%) 150(1) 3(30) 3(30) 2(20) 3(30) 5(50) 3(30) 
6 Capnocytophaga sp. oral taxon GU412131 (100%) 158(0) 7(70) 6(60) 1(10) 2(20) 6(60) 3(30) 
7 Leuconostoc citreum FN796873 (97%) 168(2) 1(10) 4(40) 3(30) 2(20) 3(30) 4(40) 
8 Lactobacillus fermentum GU417381 (98%) 169(0) 1(10) 3(30) 3(30) 5(50) 4(40) 4(40) 
9 Capnocytophaga gingivalis GU410378 (95.5%) 281(1) 3(30) 4(40) 2(20) 4(40) 6(60) 3(30) 
10 Staphylococcus aureus GU594473 (99%) 172(0) 6(60) 6(60) 6(60) 1(10) 3(30) 2(20) 
11 Pseudomonas sp. EF517951 (95%) 161(1) 6(60) 7(70) 5(50) 8(80) 4(40) 3(30) 
12 Fusobacterium nucleatum subsp. Polymorphum AB550231 (91%) 262(4) 4(40) 4(40) 5(50) 3(30) 4(40) 1(10) 
13 Capnocytophaga ochracea GU561330 (98%) 169(4) 3(30) 1(10) 4(40) 3(30) 2(20) 0(0) 
14 NS 150(2) 1(10) 1(10) 4(40) 4(40) 3(30) 3(30) 
15 Capnocytophaga gingivalis GU410488 (97%) 150(1) 3(30) 3(30) 3(30) 4(40) 3(30) 4(40) 
16 Prevotella multisaccharivorax GU427588 (100%) 148(0) 6(60) 4(40) 5(50) 6(60) 4(40) 4(40) 
17 Bacteroides vulgatus CP000139 (78%) * 141(0) 2(20) 2(20) 2(20) 3(30) 7(70) 3(30) 
18 NS 149(0) 2(20) 4(40) 2(20) 4(40) 3(30) 3(30) 
19 Prevotella multisaccharivorax AB200414 (98%) 150(0) 2(20) 2(20) 2(20) 3(30) 1(10) 2(20) 
20 Streptococcus mutans GU424617 (100%) 174(1) 6(60) 4(40) 6(60) 3(30) 5(50) 4(40) 
21 Lautropia sp. oral taxon GU428984 (97%) 170(3) 7(70) 4(40) 4(40) 4(40) 2(20) 2(20) 
22 Corynebacterium sp. oral taxon GU429038 (100%) 161(0) 3(30) 3(30) 2(20) 3(30) 3(30) 1(10) 
23 Uncultured bacterium GQ034914 (94%) 159(1) 0(0) 2(20) 1(10) 1(10) 2(20) 0(0) 
24 Neisseria meningitides alpha EM889136 (78.9%)* 147(0) 0(0) 2(20) 0(0) 3(30) 0(0) 0(0) 
25 Streptococcus sanguinis GU426625 (93%) 154(1) 1(10) 0(0) 0(0) 5(50) 0(0) 0(0) 
26 Capnocytophaga sp. oral taxon GU470889 (94%) 143(0) 4(40) 0(0) 2(20) 5(50) 1(10) 2(20) 
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27 Uncultured bacterium isolate DGGE gel band B2-PM FJ535449 (92%) 145(1) 2(20) 2(20) 1(10) 1(10) 1(10) 2(20) 
28 Streptococcus sp. oral taxon GU432139 (95%)  149(0) 0(0) 2(20) 1(10) 1(10) 1(10) 0(0) 
29 Capnocytophaga sp. oral taxon GU410274 (97%) 165(3) 1(10) 2(20) 3(30) 2(20) 3(30) 3(30) 
30 Uncultured bacterium HM323408 (98%) 158(2) 0(0) 2(20) 0(0) 4(40) 2(20) 5(50) 
31 Veillonella parvula GU406864 (94%) 157(0) 5(50) 3(30) 3(30) 1(10) 3(30) 0(0) 
32 Veillonella parvula CP001820 (78.8%)* 150(3) 4(40) 3(30) 2(20) 0(0) 4(40) 0(0) 
33 Prevotella tannerae GU413107 (94%) 153(1) 1(10) 3(30) 4(40) 1(10) 1(10) 0(0) 
34 Corynebacterium matruchotii GU420818 (99%) 165(2) 1(10) 2(20) 2(20) 0(0) 0(0) 0(0) 
35 Neisseria mucosa GU423117 (99%) 169(2) 4(40) 0(0) 2(20) 1(10) 1(10) 1(10) 
36 Neisseria subflava GU413333 (90%) 165(0) 1(10) 3(30) 2(20) 0(0) 0(0) 1(10) 
37 Prevotella oris GU409760 (97%) 150(1) 1(10) 1(10) 1(10) 3(30) 3(30) 1(10) 
38 Uncultured bacterium HM345119 (100%) 159(0) 2(20) 1(10) 1(10) 1(10) 1(10) 1(10) 
39 Prevotella tannerae GU413080 (95%) 147(0) 0(0) 0(0) 2(20) 1(10) 2(20) 0(0) 
40 Corynebacterium matruchotii GU420869 (91%) 147(1) 0(0) 1(10) 1(10) 1(10) 1(10) 1(10) 
41 Prevotella nigrescens GU424682 (97%) 159(0) 0(0) 2(20) 1(10) 2(20) 2(20) 1(10) 
42 Corynebacterium matruchotii GU420729 (100%) 164(1) 0(0) 0(0) 1(10) 2(20) 2(20) 1(10) 
43 Propionibacterium propionicum GU425701 (99%) 134(0) 2(20) 1(10) 0(0) 1(10) 2(20) 1(10) 
44 Propionibacterium propionicum GU425679 (96%) 263(1) 4(40) 5(50) 5(50) 6(60) 4(40) 4(40) 
45 Selenomonas sp. oral taxon GU431032 (91%) 164(0) 5(50) 2(20) 0(0) 3(30) 3(30) 1(10) 
46 Corynebacterium matruchotii GU420812 (96%) 157(0) 1(10) 2(20) 3(30) 1(10) 3(30) 1(10) 
47 Uncultured bacterium HM345119 (100%) 167(2) 0(0) 2(20) 0(0) 1(10) 0(0) 1(10) 
48 Corynebacterium sp. oral taxon GU429064 (99%) 160(0) 1(10) 1(10) 0(0) 2(20) 1(10) 0(0) 
49 Neisseria flavescens GU417565 (96%) 157(0) 0(0) 0(0) 0(0) 1(10) 2(20) 2(20) 
50 Uncultured Corynebacterium sp. AM420211 (100%) 295(4) 3(30) 1(10) 5(50) 2(20) 3(30) 1(10) 
51 Corynebacterium matruchotii GU420728 (100%) 171(2) 2(20) 4(40) 4(40) 4(40) 3(30) 4(40) 
52 Lautropia mirabilis GU397907 (100%) 164(0) 3(30) 3(30) 5(50) 3(30) 3(30) 2(20) 
53 Rothia dentocariosa GU416838 (100%) 151(0) 3(30) 0(0) 7(70) 3(30) 3(30) 2(20) 
54 Actinomyces viscosus GU561308 (99%) 165(0) 2(20) 3(30) 2(20) 2(20) 3(30) 3(30) 
a Similarities are based on pair wise alignments with published sequences according to BLAST searches and indicate similarity, not guaranteed identity. Sequence numbers 1 to 54 refer to 
consecutive DGGE band positions from the top to bottom of the synthetic reference ladder. 
b The number of ambiguous bases for an individual band is given in parentheses. 
c Refers to the percentage incidence of each unique band in diabetic with and without caries individuals.  
NS, no significant matching data 
DMNC-S, T2DM without caries saliva; DMNC-P, T2DM without caries plaque; DMC-S, T2DM with caries saliva; DMC-PNC, T2DM with caries plaque at no caries teeth; DMC-PA, T2DM with caries 
at caries teeth; DM-C, T2DM with caries at carious lesion 
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In contrast to Table 5.5 which compares the prevalence of bacterial species in healthy 
and T2DM patients, Table 5.6 gives data for bacterial diversity at different sites within the 
mouths of T2DM patients. Compared to the predominant species in the saliva of T2DM 
patients without caries, Lactobacillus fermentum (GU417381), Streptococcus sp. 
(GU432139) and Actinomyces viscosus (GU561308) occurred at lower incidence; whilst 
species including Capnocytophaga sp. oral taxon (GU412131), Prevotella 
multisaccharivorax (GU427588), Streptococcus mutans (GU424617), Lautropia sp. 
(GU428984), Capnocytophaga sp. oral taxon (GU428984), Veillonella parvula (GU406864 
and CP001820), Neisseria mucosa (GU423117), Selenomonas sp. (GU431032) and Rothia 
dentocariosa (GU416838) dominated. Pseudomonas sp. (EF517951) was the most 
dominant bacterium in dental plaque from non-carious sites of T2DM patients with caries, 
while Rothia dentocariosa (GU416838) was the predominant bacterium in the dental 
plaque of T2DM patients without caries. The microbiota of the dental plaque overlying 
carious lesions was characterised by its comparatively lower microbial diversity in T2DM 
patients in comparison to similar plaque overlying healthy teeth. Bacteroides vulgatus 
(CP000139) was detected with the highest frequency (70%) in dental plaque overlying 
carious lesions from T2DM patients with caries. The bacterial profiles of the degraded 
dentine were lower than for others sample types (43/54 volunteers).  Uncultured 
bacterium (HM323408) was apparently the predominant bacterium in degraded dentine 
(frequency 50%), while Lactobacillus fermentum (GU417381), Streptococcus mutans 
(GU424617) and Propionibacterium propionicum (GU425679) were the second most 
dominant (frequency 40%). Uncultured bacterium (FJ470507), Leuconostoc 
mesenteroides (GU907675), Leuconostoc mesenteroides (GU907675), Capnocytophaga 
gingivalis (GU410488), Prevotella multisaccharivorax (AB200414), Capnocytophaga sp. 
(GU470889), uncultured bacterium isolate DGGE gel band B2-PM (FJ535449), uncultured 
bacterium (HM323408), Neisseria subflava (GU413333), uncultured bacterium 
(HM345119) and Corynebacterium matruchotii (GU420728) occurred at higher frequency 
in dentine carious lesions than in dental plaque overlying caries. Streptococcus mutans 
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(GU424617), Lactobacillus fermentum (GU417381) and Actinomyces viscosus 
(GU561308) occurred in all samples from T2DM patients with and without caries. In 
contrast, Streptococcus sanguinis (GU426625) was found only in saliva obtained from 
T2DM patients without caries (frequency 10%) and in dental plaque overlying non caries 
teeth obtained from T2DM patients with caries (frequency 50%). 
5.4.5  Principal components analysis (PCA) 
Figure 5.8 is a PCA plot generated from band class data derived from the dendrogram 
analysis data (Figure 5.4). The total variance of the three principal components was 
56.52%. Three separate putative clusters are apparent, including two major clusters that 
comprise mainly samples from T2DM patients with and without caries.  
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Figure 5.8. 3D-PCA analysis of 20 salivary samples with each spot represents sample. Green 
triangles correspond to T2DM patients without caries and red diamonds correspond to T2DM 
patients with caries. 
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5.4.6  Correlation and regression analyses 
Elevated fasting blood sugar (FBS) level and higher HbA1c levels were associated with 
higher numbers of salivary streptococci. 
 
 
Figure 5.9.  Relationship between fasting blood sugar (FBS) levels and salivary streptococci from 
T2DM patients. 
 
 
 
Figure 5.10. Relationship between HbA1c levels and salivary streptococci in T2DM patients. 
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Positive correlations were detected between FBS levels and salivary streptococci (r=0.43) 
(Figure 5.9) and between HbA1c levels and salivary streptococci (r=0.42) (Figure 5.10). 
However, there were only marginally significant correlations between both fasting blood 
sugar levels with salivary streptococci and HbA1c levels with salivary streptococci (p = 
0.06).  
      
Figure 5.11. Relationship between FBS levels and salivary lactobacilli in T2DM patients. 
 
Fig. 5.11 demonstrates a positive correlation between FBS level and salivary lactobacilli 
(r=0.17). 
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Figure 5.12. Relationship between HbA1c levels and salivary lactobacilli in T2DM patients. 
A moderate positive correlation between HbA1c levels and salivary lactobacilli (r=0.32) is 
shown in Figure 5.12. However, the relationship between FBS levels and salivary 
lactobacilli and between HbA1c levels and numbers of salivary lactobacilli were not 
statistically significant (p > 0.05).  
 
 
Figure 5.13. Relationship between FBS levels and DMFT in T2DM patients. 
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Figure 5.14. Relationship between HbA1c levels and DMFT in T2DM patients. 
 
Moderate negative correlations between FBS and DMFT (r=-0.32); and HbA1c and DMFT 
(r=-0.38) are shown in Figures 5.13 and 5.14. However, these were not statistically 
significant (p > 0.05). 
5.4.7  Statistical analysis 
No significant associations were revealed between genders or smoking with caries status. 
Student’s t-test was used to compare the Shannon-Wiener indices of diversity (H’) for 
saliva from diabetes patients with and without caries. The results revealed that there was 
no significant (p > 0.05) difference in biological diversity between the two groups (for the 
no caries group, the median values was 2.97 and values range from 2.57 to 3.43; for the 
caries group, the median value was 2.94 and values range from 2.49 to 3.29).  
5.5  Discussion  
5.5.1  Biological characteristics distribution  
The mean age and gender distributions amongst both healthy subjects and T2DM 
patients were not significantly different and was broadly comparable to reported global 
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diabetes prevalences (Wild et al., 2004). Additionally, elevated incidences of dental caries 
in T2DM patients compared to healthy individuals were comparable in the current study 
and in agreement with those previously reported (Miralles et al., 2006; Hintao et al., 
2007b). In this chapter, T2DM patients with good glucose control had a significantly 
higher past dental caries experience with specifically a lower decay score than the 
patients with poor control which is in contrast to a study reported by Miralles et al., 
(2006) who reported that disease control (measured as HbA1c) was not related to the 
incidence of dental caries (Miralles et al., 2006). This could be because the test groups 
differed with respect to age of onset of disease and the age range of patients in the 
current study was higher (42-78) than in the Miralles et al. (2006) study (18-50).  
Data in this chapter indicate for the first time that plaque indices were significantly higher 
in T2DM patients with caries than in T2DM patients without caries. Although M scores of 
T2DM patients without caries was lower than in T2DM patients with caries, F scores of 
T2DM patients without caries was higher than in T2DM patients with caries. There was 
however no significant difference in dental caries experience between T2DM patients with 
and without caries. 
5.5.2  Differences in eubacterial communities derived from different sites in 
diabetic and non-diabetic patients 
In the current study, the bacterial diversity of human saliva and supragingival dental 
plaque in health and disease was characterised and compared in two separate disease 
groups by combining PCR-DGGE of 16s rDNA with image analysis and sequencing of key 
PCR amplicons. Degraded dentine was also investigated using the same techniques. 
Although DGGE analysis has previously been used in a limited number of studies to 
produce fingerprints of saliva (Li et al., 2005; Rasiah et al., 2005) and supragingival 
plaque diversity (Gafan et al., 2005; Li et al., 2007a), few such studies have combined 
DGGE, cluster analysis and sequencing. The strength of the current approach is that the 
detection threshold may be lower than for isolation techniques particularly where c. 50% 
of the target bacterial community may not be cultivable (Paster et al., 2001). Also, the 
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identity of any amplifiable target sequence may be gleaned even if it comprises only 1% 
of the total microbial population (Muyzer et al., 1993). 
Figures 5.5 - 5.7 indicate that the majority of clustering between individuals occurred at 
the 60-80% level which is comparable to previous studies that have used this technique 
to compare salivary and other oral microbial samples (Gafan et al., 2005; Ledder et al., 
2006; Rasiah et al., 2005; Signoretto et al., 2010; Ling et al., 2010) and also reflective of 
the level of inter-individual variation observed in other microbiotas, including the gut 
(Friswell et al., 2010; McBain et al., 2005; Zoetendal et al., 2002). 
Whilst a number of putative dendrogram clusters were formed, these did not relate to 
patient or disease groups. It is therefore possible that these clusters relate to unknown 
variables which may be beyond the scope of this investigation, such as lifestyle, 
geographical location, socioeconomic class, physiology (including immunity) and 
successional events that occur during oral bacterial colonisation. It is certainly the case 
that the factors responsible for the stability, maintenance and composition of the various 
microbiotas present in the mouth are poorly understood but include a combination of 
environmental and physiological influences.  
The numbers of salivary streptococci were significantly higher in T2DM patients than in 
healthy individuals in the current investigation. This contrasts with a previous study 
(Hintao et al., 2007b) which suggested that no significant difference between these two 
groups (by spatula methods) was observed.  
The frequent occurrence of Streptococcus sanguinis, Actinomyces viscosus, Neisseria 
subflava and Lautropia sp. in supragingival plaque in the current study are broadly in 
agreement with a previous Malaysian study which similarly reported the supragingival 
presence of Streptococcus oralis, Streptococcus sanguinis, Actinomyces viscosus, 
Actinomyces naeslundii, Lautropia sp., Kingsella oralis, Neisseria subflava, Neisseria 
mucosa and Rothia mucilangiosa on the tooth surface of healthy subjects (Philip et al., 
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2008). However, in contrast Neisseria mucosa was found only in diabetic patients in the 
current investigation. Whilst the Hintao paper reported higher incidences of Treponema 
denticola, Prevotella nigrescens, Streptococcus sanguinis, Streptococcus oralis and 
Streptococcus intermedius in supragingival plaque of T2DM patients in comparison to 
healthy subjects using the checkerboard DNA-DNA hybridisation method (Hintao et al., 
2007b), the current study showed elevated frequencies of Prevotella nigrescens, 
Streptococcus sanguinis, Lactobacillus fermentum, Streptococcus mutans and 
Actinomyces viscosus in the supragingival plaque of T2DM patients compared to healthy 
individuals. In the current study, the prevalence of cariogenic bacteria was similar in both 
healthy and diseased groups. Neisseria flavescens was detected only in dental plaque, 
not in the saliva of either non-diabetic or diabetic individuals. Neisseria, an obligate 
aerobe, has been implicated in the early stages of  dental plaque development (Birkhed 
et al., 1979). However, Corynebacterium matruchotii was found in both health and 
disease which differs from a previous study that was conducted in the UK (Ledder et al., 
2007) which found this bacterium to be unique to healthy subjects. However, as well as 
the different geographical location the Ledder study used samples of subgingival plaques 
exclusively, as opposed to supragingival plaque in the current investigation. 
Data presented in this Chapter show similar salivary bacterial composition in T2DM 
patients with and without caries. Based on exhaustive sequencing of DGGE bands, no 
significant association could be made between cariogenic bacterial incidences in saliva, 
dental plaque and degraded dentine from T2DM patients with caries. In contrast, a 
previous study reported a strong association between cariogenic bacteria in saliva and 
both root surface and coronal caries (Hintao et al., 2007b). However, data in Fig. 5.9 
show the separate PCA clustering of saliva obtained from T2DM patients with and without 
caries demonstrating the advantage of combining DGGE analysis with PCA. Chhour et al. 
(2005) reported that lactobacilli and prevotellae were highly abundant in degraded 
dentine, using real-time PCR which contrasts with the current study where lactobacilli 
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prevalence in saliva, dental plaque and degraded dentine were low indicating the 
potential influence of volunteer selection and experimental design on the outcomes. 
Although the positive association between FBS/HbA1c and salivary 
streptococci/lactobacilli was not highly significant, comparable associations have been 
observed previously (Syrjala et al., 2003). An important influence on the numbers of 
these important acidogenic and acid tolerant (and thus cariogenic) oral genera in 
individuals with type 2 diabetes is salivary concentrations of glucose. Accordingly, 
differences in salivary glucose concentration between diabetic and non-diabetic 
volunteers have been reported, the markedly higher concentrations occurring in diabetic 
patients than in healthy individuals (Jurysta et al., 2009). Since serum levels of FBS/ 
HbA1c are biomarkers of poor glucose control in diabetics (short and longer-term, 
respectively) individuals with elevated levels of these biomarkers are likely to have had 
elevated salivary concentrations of glucose for varying amounts of time. Whilst 
apparently counter intuitive, the negative association between FBS/HbA1c and DMFT 
made in the current study may be explained on the basis that DMFT scores combine 
factors that may reflect current or recent cariogenic states (i.e. D– decay) with past 
cariogenesis (i.e. F-  filling and M- missing teeth). On this basis, the correlation between 
HbA1c/FBS and D may be more likely to correlate positively than DMFT values since 
these reflect more current events which may link to elevated glucose biomarkers. 
5.6  Conclusions  
In summary, significant differences in the oral bacteriological composition of healthy 
individuals and T2DM patients and between T2DM patients with and without dental caries 
were not detected. A positive correlation between the glucose biomarkers FBS/HbA1c and 
elevated streptococci and lactobacilli bacteria was however observed. The association 
between salivary oral bacteria, bacteria in dental plaque and in degraded dentine was not 
strongly manifested.  
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Oral Microbial Profiles Associated 
with Severe Early Childhood 
Caries in Families Living in 
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6.1  Abstract 
Thailand has a high prevalence of severe early childhood caries (SECC) which degrades 
the quality of life of children and their caregivers and represents a considerable economic 
burden. Whilst the salivary bacterial composition in SECC has been investigated in a 
limited number of studies, little information is available concerning the bacteriological 
composition of dental plaque in affected children. The aims of this chapter were to: i) 
investigate the bacterial composition of saliva and supragingival plaque in caries-free 
children (CF) and additionally, of degraded dentine in SECC; ii) to compare the oral 
bacterial composition in patients, their mothers and siblings in order to better understand 
familial transmission and iii) to study the potential aetiological influence of behaviour. 
Differential bacteriological counting and eubacterial-specific PCR-DGGE, combined with 
sequencing and PCA, and dental examination criteria were used in this investigation. Data 
showed a highly significant association between numbers of lactobacilli in saliva and 
plaque with SECC and additionally, that numbers of aerobes, anaerobes and streptococci 
were significantly higher in SECC patients than in CF controls. Eubacterial profiles did not 
cluster within or between CF and SECC groups and bacterial counts for the three 
sampling sites in SECC did not differ significantly. In terms of familial microbial 
similarities, DGGE concordance between children, their mothers and their siblings ranged 
between 43% to 73% and 35% to 82% respectively. DMFT (D, decay; M, missing; F, 
filiing tooth) correlated significantly with plaque index scores and with lactobacillus 
abundance in a highly predictive manner. Numbers of anaerobes, facultative anaerobes 
and streptococci of parents and children also correlated. In conclusion, these data 
suggest a possible aetiological role of lactobacilli in SECC and potentially provide a novel 
means of prediction, which may be useful in preventative programs in Thailand and 
elsewhere.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 175 
6.2  Introduction 
Dental caries refers to the progressive destruction of teeth, initially dental enamel but 
potentially affecting the whole tooth and is a common, complex and chronic disease.  An 
imbalance of multiple risk factors and protective factors over time may lead to the 
development of caries (Crall, 2006). Disequilibrium in certain groups of oral bacteria is 
strongly implicated aetiologically (Becker et al., 2002; Brailsford et al., 2005; Corby et al., 
2005). Severe early childhood caries has been divided and described in 2 main groups. 
Firstly, in children younger than 3 years old, any sign of smooth-surface caries is referred 
to as SECC. Secondly in children aged between 3 and 5 that present with i) 1 or more 
cavitated, missing (due to caries), or filled smooth surfaces in primary maxillary anterior 
teeth; ii) a decayed, missing, or filled score of ≥ 4  by 3 years of age; iii) a decayed, 
missing, or filled score of ≥ 5 by 4 years of age or iv) a decayed, missing, or filled score 
of ≥ 6 surfaces by age 5 (AAPD, 2005; Ismail & Sohn, 1999). 
Previous investigations have demonstrated a very high prevalence of SECC in Thailand 
for example, amongst 15-19 month old children a 44.5% incidence of non-cavitated 
lesions and a 24.5% incidence of cavitated lesions has been reported (Vachirarojpisan et 
al., 2004). Recently, a longitudinal study of SECC in southern Thailand revealed that the 
prevalence of caries increased with children’s age as follows: 9 month olds (2.0% 
incidence); 12 month old (22.8%) and 18 month old (68.1%) (Thitasomakul et al., 
2006). SECC is therefore a significant dental health issue in Thai children.  
Previous studies have assessed the bacterial species associated with early childhood 
caries using various analytical approaches (Salako et al., 2004; Aas et al., 2008; Corby et 
al., 2005; Rozkiewicz et al., 2006; Gizani et al., 2009). Recently, Aas et al., (2008) used 
PCR, cloning and sequencing, together with reverse-capture checkerboard techniques to 
investigate patients with caries. They reported variations in species associated with 
dental caries in primary and permanent teeth (Aas et al., 2008). Health-associated 
bacterial species such as Capnocytophaga granulosa, Eubacterium sp. clone DO016 and 
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Streptococcus cristatus were found at the same levels in plaque adjacent to intact enamel 
of subjects with caries and caries-free subjects in primary teeth (Aas et al., 2008).  S. 
parasanguinis, S. salivarius, Corynebacterium sp. clone AK153 and A. gerencseriae were 
observed at high levels in degraded dentine in primary dentition. Furthermore, S. 
mutans, Lactobacillus spp., Propionibacterium spp. strain FMA5 and Bifidobacterium spp. 
were detected predominantly in deep-dentine caries (Aas et al., 2008). These results 
contrast to the observations of Corby et al. (2005) who compared the abundance of 
selected bacteria in caries-active and caries-free subjects and suggested that overall 
patterns of microbial abundance in this population were very distinctive. The predominant 
bacterial species found in the caries-active group were Actinomyces sp., Streptococcus 
mutans and Lactobacillus spp. These organisms exhibited an inverse relationship to the 
putatively beneficial species which include Streptococcus parasanguinis, Abiotrophia 
defectiva, Streptococcus mitis, Streptococcus oralis and Streptococcus sanguinis (Corby 
et al., 2005) while Gram-positive bacteria were found more frequently than Gram-
negatives in supragingival plaque samples in children with and without dental caries 
(Rozkiewicz et al., 2006). Regarding total bacterial counts reported by Rozkiewicz et al., 
(2006) the frequency of Streptococcus spp. in supragingival plaque was 62.7% and in 
degraded dentine was 49.3%. The bacterial composition from degraded dentine and 
supragingival plaque did not differ markedly except that the incidence of neisseriae and 
peptostreptococci was significantly higher in dental plaque whilst veillonellae incidence 
was higher in degraded dentine (Rozkiewicz et al., 2006). Additionally, Streptococcus 
mutans was detected with the highest frequency (89%) in supragingival plaque and the 
dorsum of the tongue (Gizani et al., 2009). In contrast, Lactobacillus acidophilus occurred 
at low proportions in all oral habitats (Gizani et al., 2009). An investigation of 
supragingival plaque in Kuwaiti children showed that anaerobic bacteria dominated 
(3.9x105) whilst aerobes, at c. 5x104 formed a lower proportion. Streptococcus sanguis 
was the most numerous bacterium whilst the least abundant genus was lactobacillus. 
Prevotella spp. was the most common anaerobe detected comprising 50% of total 
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cultured anaerobes (Salako et al., 2004). Aciduric species such as Streptococcus mutans 
were present in higher copy numbers in supragingival cariogenic plaque (supragingival 
plaque from approximal surfaces of carious lesions) than in supragingival non-cariogenic 
plaque (supragingival plaque from approximal surfaces of non-carious teeth) (Minah & 
Loesche, 1977). In a recent study, it was reported that the mean bacterial species 
richness was statistically greater in CF children (n=12) (42±3.7) than in SECC children 
(n=8) (35±4.3) (P=0.005). The overall microbial diversity in plaque samples as measured 
by the Shannon index was 3.5 for the SECC group and 3.7 for the CF group (Li et al., 
2007a). Few studies however have pursued potential familial influence through the 
acquisition and exchange of oral bacteria on the composition of oral microbiotas and the 
relationship between dental variables.  
The aim of this study therefore was to perform cross-sectional analyses of i) the 
composition and consortial similarity of salivary bacterial communities in caries-free and 
SECC children ii) the compositional and concordance of supragingival plaque samples 
from caries-free and SECC children iii) the association between bacterial microecology 
and transmission within mother-child pairs and between siblings and iv) the composition 
and concordance of bacterial communities among different sites of severe early childhood 
caries. Additionally, the contribution of dental variables to SECC was determined. 
Differential colony counting of bacteria combined with PCR-DGGE analyses were used to 
study bacterial communities. Cluster analyses (Fromin et al., 2002) and sequencing 
(McBain et al., 2003c; McBain et al., 2003d) were conducted in order to objectively 
compare consortial profiles between samples.  
6.3  Experimental methods 
6.3.1  Subjects 
Approval for this study was provided by the Ethics Committee of the Faculty of Dentistry, 
Prince of Songkla University (PSU), Hat-Yai, Thailand. The parents who had escorted 
their children to the paedodontic clinic in the Faculty of Dentistry at PSU were informed 
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and asked to participate in the study. Informed consent of all subjects was obtained from 
parents or primary care givers before the study was performed. Volunteers comprised 
caries-free subjects (F=1, M=4) age range 31 - 85 months (mean 49.6) and those with 
severe early childhood caries (F=2, M=3) age range 31 to 62 months (mean 41.2). 
Inclusion criteria for all subjects were good general health and clincal access to at least 
one sibling and primary caregiver. Patients with systemic disease, physical or mental 
health problems, receiving long-term antibiotics or other drug therapy in the previous 3 
months, and those with a history of hospitalization were excluded from this study. The 
SECC criteria were established according to AAPD (2005) and Ismail and Sohn (1999) 
(See Section 6.2). All subjects were recruited consecutively and dental health 
examinations performed. Family members (at least one primary care giver and one 
sibling) were also invited to participate in a dental examination. All volunteers were 
reviewed for general health before the dental examination. Caries prevalence was 
recorded according to the DMFT index in which D refers to the number of untreated 
carious teeth, F represents the filled teeth and M refers to the number of extracted teeth 
due to caries. Teeth which were extracted due to periodontal diseases or orthodontic 
reasons were excluded from this index (WHO, 2000).   
6.3.2  Specimen collection 
6.3.2.1  Saliva  
Unstimulated saliva from all patients and their family members were collected with sterile 
Universal bottles. See Section 2.5.1.  
6.3.2.2  Supragingival plaque 
The sample sites were isolated and dried with a rubber dam sheet and an air spray. 
Supragingival plaque (see Figure 3.1) was collected from two regions of the oral cavity; 
non-carious plaque (PNC) defined as plaque adjacent to teeth that had no caries, and 
plaque from carious teeth, i.e. caries-associated plaque (PC). Samples of supragingival 
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plaque were freshly collected from all erupted teeth using the methods outlined in 
Section 2.5.2. 
6.3.2.3  Degraded dentine 
Soft dentinal caries within decay sites (see Figure 5.1) were removed after rinsing debris 
as outlined in Section 2.5.3. 
6.3.3  Culture conditions 
This was done using methods outlined in Section 2.4. 
6.3.4  DNA extraction for PCR-DGGE 
This was done using methods outlined in Section 2.6.1 
6.3.5  PCR-DGGE analysis 
This was done using methods outlined in Section 2.6.2 to 2.6.4. 
6.3.6  Selected band excision and reamplification 
This was done using methods outlined in Section 2.6.5. 
6.3.7  Sequencing and dendrograms construction 
This was done using methods outlined in Section 2.6.6. 
6.3.8  Statistical analysis 
Means, standard deviations (SD) ranges (min-max) and/or frequencies were calculated 
using Microsoft Excel. The distribution normality was checked with the Shapiro-Wilk’s W 
test. Data were analysed using Statistical Packaging for Social Sciences (SPSS). The non 
parametric tests: Kruskal Wallis and Mann-Whitney U test were used to identify 
significant differences, and the ANOVA with Scheffe test and paired t test was used to 
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compare means amongst family members. A forward, correlation and linear regression 
were constructed using SPSS version 16.0 to examine two relationships.  
6.4  Results 
6.4.1  Analysis of dental and other factors associated with SECC 
Table 6.1. Clinical data for caries-free and severe early childhood caries patients and 
their families. 
Characteristic CF (n=5)  SECC (n=5) 
Age (month) (min-max) 49.6 (31-85) 41.2 (31-62) 
Sex  (F=1, M=4) (F=2, M=3) 
Sibling’s age (month)  
(min-max) 
70.3 (60-79) 108 (51-204) 
Sibling’s sex  (F=2, M=4) (F=2, M=3) 
Bottle over night a 0% 60% 
Additional sweetened drinks 80% 80% 
Plaque index a 0.33 ± 0.37 2.04 ± 0.61 
DMFT a 1.40 ± 1.50 14.8 ± 1.94 
Sibling’s plaque index 0.50 ± 0.47 0.83 ± 0.72 
Sibling’s DMFT  1.50 ± 2.93 5 ± 5.06 
CF, caries free child; SECC, severe early childhood caries 
a significant (p<0.05). DMFT, decay, missing, filled teeth. 
 
Table 6.1 gives general clinical data for all volunteers and for their families. Age and 
gender were not significantly different between the CF and SECC groups. The age of 
SECC siblings was higher than the age of CF siblings, while the distribution of gender of 
their siblings was not different. Although the frequency of additional sugar consumption 
was no different between CF and SECC children, a higher number of SECC subjects were 
reported to have fallen asleep with their bottle (p=0.05) than CF subjects. Caries-free 
subjects had plaque index scores 70% lower than SECC individuals (determined on the 
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basis of low plaque accumulation). In addition, DMFT and plaque indexes were 
significantly higher (p<0.05) in SECC than in CF children. There was no significant 
difference in caries experience scores (DMFT) and plaque indices between the siblings of 
CF children and SECC children. 
6.4.2  Bacteriological analyses  
Bacterial composition among different sites in caries-free and severe early childhood 
caries was also investigated. Five major groups of oral bacteria: total facultative 
anaerobes, total anaerobes, total Gram-negative anaerobes, total streptococci and total 
lactobacilli from saliva, supragingival plaque and carious dentine lesions were analysed in 
samples from CF and SECC children (Figure 6.1).  
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Figure 6.1. Differential bacterial composition from various sites in caries-free children and SECC patients. 
Total facultative anaerobes, Total anaerobes, Total Gram-negative anaerobes, Total streptococci and Total 
lactobacilli; NCS (saliva from caries free children), CS (SECC saliva), NCP (dental plaque rom caries-free 
children), CP (SECC dental plaque) and CL (Degraded dentine). Data were analysed using ANOVA with the 
Scheffe test and significance was compared within and between bacterial groups and within and between 
families (*= p < 0.05). 
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Mean total counts of facultative anaerobes and anaerobes were c. 8 and 10 Log10 
CFU/ml, respectively. Gram-negative anaerobe numbers ranged between 6 and 10 Log10 
CFU/ml while number of streptococci ranged between 4 and 9 Log10 CFU/ml. Total 
lactobacilli were present in lower numbers (1 to 5 Log10 CFU/ml). There were significant 
differences (p<0.05) in bacterial composition in saliva and in dental plaque between 
caries-free children (CF) and children with severe early childhood caries (SECC). The total 
facultative anaerobes and total anaerobes were significantly higher in SECC children 
compared to CF individuals.  
In terms of comparisons between counts in saliva and dental plaque, the numbers of 
total anaerobes, Gram negative anaerobes and streptococci were markedly higher in 
SECC plaques than in the corresponding saliva samples. This trend was however, not 
manifested in caries-free children. In addition, total streptococci and lactobacilli were 
significantly higher (p<0.05) in SECC plaques than in plaques from caries-free subjects 
whilst total lactobacilli were significantly higher in SECC saliva than in saliva from caries-
free volunteers, and also higher in degraded dentine than in dental plaque from SECC 
children. 
Figure 6.2 shows five major bacterial groups obtained from the saliva of caries-free and 
SECC family members. Counts of facultative anaerobes, anaerobes and streptococci 
among family members of both CF and SECC children were not significantly different. 
Importantly however, total lactobacilli were significantly lower (p<0.05) in the caries-free 
children compared to their family members who had lactobacillus counts comparable to 
the family members of SECC children. Total Gram-negative anaerobe numbers were 
significantly lower in SECC children than in their family members (p<0.05) (Figure 6.2). 
Therefore, in contrast to caries-free children, the salivary bacterial composition of SECC 
patients was characterised by comparatively low levels of Gram-negative anaerobes and 
markedly elevated lactobacilli. 
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Figure 6.2. Salivary counts of total facultative anaerobes (TA), total anaerobes (TAN), total Gram-negative 
anaerobes (TGN), total streptococci (TS) and total lactobacilli (TL) in caries free (a) and SECC (b) family 
members.  
Black bar, child subjects; grey bar, siblings and white bar, primary care giver. Data were analysed using the 
one-way ANOVA with Scheffe test for significance within and between bacterial groups and within and 
between families.  Significance (p < 0.05) is indicated bythe asterisk. 
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6.4.3  PCR-DGGE and dendrogram analyses 
The distinct consortial DNA fingerprints were generated from saliva samples from 
individual volunteers (Figs. 6.3).  
 
 
Figure 6.3. A UPGMA dendrogram showing percentage matching of salivary derived eubacterial 
communities from caries-free and SECC individuals. Caries-free saliva (CF-Sa) and SECC saliva 
(ECC-Sa), from patients 1-5 for each group.  
Figure 6.3 is a dendrogram generated from DGGE fingerprints of the salivary eubacterial 
community DGGE profiles of caries free (CF) and SECC subjects created using the UPGMA 
method. The comparison of DGGE profiles showed that the highest concordance (70%) 
occurred between CF and SECC individuals. The highest similarity of DGGE profiles 
between two unrelated CF individuals was observed at 65% while the highest similarity 
from SECC was 59%. In general, the matching between the majority of lanes occurred at 
the 50 to 60% similarity level. 
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Figure 6.4. A UPGMA dendrogram showing percentage matching of dental plaque DGGE 
profiles from caries-free individuals and SECC patients. Caries-free plaque (CF-PNC), SECC 
plaque from non-carious teeth (ECC-PNC), SECC plaque from carious teeth (ECC-PC) from 
respective patients 1-5 for each group.  
 
Figure 6.4 is a dendrogram generated from the DGGE fingerprints of eubacterial 
community DGGE profiles from the dental plaque of caries-free (CF) and SECC subjects 
created using the UPGMA method. The highest concordance (77%) occurred between 
two unrelated SECC patients while the highest DGGE profiles concordance between two 
unrelated CF individuals was 54%. The highest similarity of DGGE profiles between CF 
and SECC individuals was observed at 65%. In general, the matching between the 
majority of lanes occurred at the 50 to 70% similarity level. 
Comparative analysis of DGGE fingerprints of salivary eubacterial communities derived 
from children and their mothers (CF and SECC) is shown in Figure 6.5.  
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Figure 6.5 UPGMA dendrogram for comparative analysis of DGGE fingerprints of saliva from 
children and their mothers (caries-free and SECC); Caries free saliva (CF-Sa), early childhood caries 
saliva (ECC-Sa), saliva of caries-free subject’s mothers (CF-M-Sa) and saliva of SECC mothers 
(ECC-M-Sa) with respect to patients 1-5 for each group. 
 
 
The comparison of DGGE profiles showed that the highest concordance (78%) occurred 
between CF and SECC mothers. The highest similarity of salivary bacteria between 
children and mothers was at 72%. The similarity between the majority of lanes ranged 
from 50% to 70%.  
Comparative analysis of DGGE fingerprints of salivary eubacterial communities from CF 
and SECC children and their siblings using UPGMA is shown in Figure 6.6. The highest 
concordance (82%) was observed between SECC subjects and their siblings. In general, 
the matching between the majority of lanes occurred at the 50 to 70% similarity level. 
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Figure 6.6. A UPGMA dendrogram showing percentage matching of salivary derived eubacterial 
communities from children and their siblings. Caries-free saliva (CF-Sa), SECC saliva (ECC-Sa), 
saliva of caries-free siblings (CF-S-Sa), saliva of SECC sibling (ECC-S-Sa) from respective patients 
1-5 for each group. 
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Figure 6.7. A negative image constructed to show DGGE profiles of saliva obtained from nine mother-
child pairs (lane 1-9). All DGGE gels were normalised first and then analysed based on the position of each 
band detected. CF, mother-child pairs from caries free subjects; SECC, mother-child pairs from severe 
early childhood caries patients.  
 
 
Figure 6.7 shows a negative image generated from DGGE profiles of saliva collected from 
9 mother-child pairs. The DGGE profile analysis clearly shows different banding patterns 
of bacterial populations in the saliva between mother-child pairs in caries free children 
(lane 1-5) and severe early childhood caries children (lane 6-9). The highest concordance 
between mother and child pair was found in lane 1 with 73% similarity. The overall 
similarity ranged from 43% to 73%. 
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Figure 6.8. A comparison of similarity (%) of the eubacterial profiles derived from the saliva of 
caries-free and SECC patients with their mother and their siblings. Black bar represent caries-
free subjects, grey bar represents severe early childhood caries subjects. 
 
 
The percentage similarity of salivary eubacterial community profiles between caries-free 
and SECC patients is shown in Figure 6.8. There was a higher percentage similarity 
between SECC children and their mothers than for CF children and their mothers. 
Differences between the CF and SECC groups were not statistically significant.  
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Figure 6.9. A UPGMA dendrogram for comparative analysis of DGGE fingerprints from SECC saliva (ECC-
Sa), SECC dental plaque from non-carious teeth (ECC-PNC), SECC dental plaque from carious teeth (ECC-
PC) and SECC degraded dentine (ECC-C) from patients 1-5. 
 
Comparative analysis of DGGE fingerprints of salivary bacteria, bacteria from dental 
plaque and from degraded dentine is shown in Figure 6.9. The highest concordance of 
77% was detected between plaques from the carious teeth of two unrelated subjects. 
The highest similarity between plaque from non-carious and carious teeth was 69%; 
between saliva and plaque at non-carious teeth was 65% and between saliva and carious 
lesions was 63%. In general, the matching between the majority of lanes occurred at the 
40 to 70% similarity level. 
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6.4.4  Sequence analysis of selected DGGE amplicons 
The DGGE bands of interest (based on frequency, uniqueness and density) identified 
during dendrogram construction were excised and sequenced for identity (Table 6.2). 
The synthetic reference lane generated by image analysis was used to identify excised 
bands for sequencing. Each band in the synthetic reference lane corresponding to excised 
bands was identified for subsequent sequence analysis. This lane is represented in 
diagrammatic form in Fig. 6.10, together with representative gel lanes (CF-Sa, CF-PNC, 
Sib-Sa, Sib-PNC, Sib-PC, Mom-Sa, SECC-Sa, SECC-PNC, SECC-PC and SECC-C). Table 6.2 
gives the closest taxonomic relatives based on results of BLAST searches with DNA 
sequences obtained from these DGGE gel bands identified by cluster analysis, excised 
and sequenced from the gels. Bands in the same position, but in different lanes were 
excised and sequenced to confirm that they were the same identity (data not shown). 
Data in Table 6.2 includes the incidence of each bacterium in caries-free and severe early 
childhood caries subjects. 
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Figure 6.10. DGGE profiles of selected saliva, plaque from non-carious sites, plaque from carious sites and 
degraded dentine, together with the salivary reference ladder. The image includes a diagrammatic 
representation of the migration positions of sequenced bands and a key linked to Table 6.2, 6.3 and 6.4 
indicating the identities of closest relatives (based on sequencing).  
CF-Sa; caries free saliva, CF-PNC; plaque at non-carious teeth of caries-free subjects, Sib-Sa; sibling saliva, Sib-
PNC; plaque at non-carious teeth of sibling, Sib-PC; plaque at carious teeth of sibling, Mom-Sa; mother’s saliva, 
SECC-Sa; severe early childhood caries subjects’ saliva, SECC-PNC; plaque at non-carious teeth of severe early 
childhood caries subjects, SECC-PC; plaque at carious teeth of severe early childhood caries subjects and SECC-
C ; dentine carious lesion of severe early childhood caries subjects. 
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Table 6.2. Sequence analysis of salivary bacteria profiled from caries-free children and 
severe early childhood caries subjects. Sequences derived from PCR amplicons excised 
from DGGE gels.   
 
Incidencec 
 
Sequence 
No. 
 
Closest relative (% sequence similarity)a 
 
Sequence 
length 
(bp)b  
CF-S 
(%) 
 
 
SECC-
S (%) 
 
 
CF-P 
(%) 
 
 
SECC-
P (%) 
 
1 Weissella confusa AB425970 (99%) 152(0) 100 100 100 100 
2 Leuconostoc citreum AB593366 (96%) 219(5) 40 0 50 55.56 
3 Streptococcus mutans GU424422 (98%) 212(2) 60 60 50 77.78 
4 Lactobacillus fermentum GU417381 (98%)  169(0) 40 80 75 44.44 
5 Fusobacterium nucleatum subsp. 
Polymorphum AB550231 (91%)  
262(4) 60 20 25 55.56 
6 Leuconostoc citreum FN796873 (97%)  168(2) 60 60 75 55.56 
7 Capnocytophaga gingivalis  
GU410378 (95.5%)  
281 (1) 60 20 50 77.78 
8 Capnocytophaga sp. oral taxon  
GU412131 (100%)  
158(0) 80 40 50 22.22 
9 Capnocytophaga gingivalis GU410488 (97%)  150(1) 100 100 75 66.67 
10 Pseudomonas sp EF517951 (95%)  161(1) 60 60 50 22.22 
11 Lactobacillus fermentum GU417378 (98%) 215(3) 60 40 75 77.78 
12 Streptococcus sp. oral taxon GU432139 (95%)  149(0) 20 40 25 66.67 
13 Corynebacterium matruchotii  
 GU420812 (96%) 
199(1) 40 20 100 33.33 
14 Streptococcus mutans GU424617 (100%) 174(1) 20 20 0 11.11 
15 Neisseria subflava GU413333 (90%)  165(0) 40 80 25 66.67 
16 Streptococcus mutans GU424422 (99%) 214(3) 0 20 50 33.33 
17 Corynebacterium matruchotii  
GU420790 (97%) 
209(2) 40 40 50 33.33 
18 Prevotella oralis GU409760 (98%) 282(0) 0 40 0 33.33 
19 Propionibacterium propionicum  
GU425672 (99%) 
185(0) 20 0 25 44.44 
20 Propionibacterium propionicum  
GU425692 (97%) 
263(2) 0 20 50 33.33 
21 Corynebacterium matruchotii  
GU420720 (98%) 
205(0) 40 40 25 11.11 
22 Corynebacterium sp. oral taxon  
GU429064 (96%) 
198(0) 60 0 0 22.22 
23 Lactobacillus paracasei GU425013 (92%) 213(1) 0 0 50 11.11 
24 Corynebacterium matruchotii  
GU420869 (97%) 
199(1) 0 20 0 33.33 
25 Prevotella sp. oral taxon GU409865 (100%) 203(0) 40 0 50 33.33 
26 Propionibacterium sp. oral taxon  
GU407648 (100%) 
264(0) 20 40 25 44.44 
27 Uncultured Corynebacterium sp.  
AM420211 (100%) 
295(4) 40 60 50 33.33 
28 Rothia dentocariosa GU416838 (100%) 151(0) 20 60 75 33.33 
29 Actinomyces viscosus GU561308 (99%) 165(0) 0 20 0 44.44 
a Similarities are based on pair wise alignments with published sequences according to BLAST searches and 
indicate similarity, not guaranteed identity. Sequence numbers 1 to 29 refer to consecutive DGGE band 
positions from the top to bottom of the synthetic reference ladder. 
b The number of ambiguous bases for an individual band is given in parentheses. 
c Refers to the percent incidence of each unique band in caries free  and severe early childhood caries 
individuals. 
CF-S, caries free child’s saliva; SECC-S, severe early childhood caries child’s saliva; CF-P, caries free child’s 
plaque; SECC-P, severe early childhood caries plaque. 
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Data in Table 6.2 shows that Corynebacterium sp. was the most frequently detected 
bacterium, Streptococcus sp. was the second most prevalent and Propionibacterium sp., 
Capnocytophaga sp. and lactobacilli were jointly the third most dominant bacteria 
detected. Weissella confusa (AB425970) and Capnocytophaga gingivalis (GU410488) 
were the mostly frequently detected bacteria (frequency 100%) in saliva obtained from 
CF and SECC individuals. In dental plaque obtained from both CF and SECC children, 
Weissella confusa (AB425970) was the most commonly detected bacterium (frequency 
100%). The microbiota of saliva and dental plaque were characterised by a comparatively 
lower eubacterial diversity in CF than in SECC patients. Capnocytophaga (GU412131) was 
the second most commonly detected bacterium in CF saliva (frequency 60%). 
Lactobacillus fermentum (GU417381) and Neisseria subflava (GU413333) were the 
secondly commonly detected bacteria from SECC saliva (frequency 80%). Lactobacillus 
fermentum (GU417381 and GU417378), Leuconostoc citreum (FN796873), 
Capnocytophaga gingivalis (GU410488) and Rothia dentocariosa (GU416838) were the 
second most commonly detected bacteria in dental plaque from CF (frequency 75%) 
while Streptococcus mutans (GU424422), Capnocytophaga gingivalis (GU410378) and 
Lactobacillus fermentum (GU417378) were detected in 77.78% of the dental plaque from 
SECC patients. Interestingly, Lactobacillus paracasei (GU425013) was only found in 
dental plaque from both CF and SECC. Furthermore, Prevotella oralis (GU409760) and 
Actinomyces viscosus (GU561308) were only present in the saliva and dental plaque from 
SECC children. Streptococcus mutans occurred at similar frequency within the saliva of 
both groups but at a higher frequency in dental plaque from SECC than for CF 
individuals. Moreover, Lactobacillus fermentum occurred at a similar frequency in saliva 
and in dental plaque in both caries-free and SECC patients.  
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Table 6.3. Sequences of PCR amplicons derived from DGGE gels and identities based on 
BLAST database searches for saliva, dental plaque and degraded dentine obtained from 
severe early childhood caries subjects. 
 
Incidencec 
 
Sequence 
No. 
 
Closest relative (% sequence similarity)a 
 
Sequence 
length 
(bp)b  
SECC-
S (%) 
 
 
SECC-
P (%) 
 
 
SECC- 
C (%) 
1 Weissella confusa AB425970 (99%) 152(0) 100 100 100 
2 Leuconostoc citreum AB593366 (96%) 219(5) 0 55.56 40 
3 Streptococcus mutans GU424422 (98%) 212(2) 60 77.78 20 
4 Lactobacillus fermentum GU417381 (98%)  169(0) 80 44.44 40 
5 Fusobacterium nucleatum subsp. 
Polymorphum AB550231 (91%)  
262(4) 20 55.56 20 
6 Leuconostoc citreum FN796873 (97%)  168(2) 60 55.56 80 
7 Capnocytophaga gingivalis  
GU410378 (95.5%)  
281 (1) 20 77.78 20 
8 Capnocytophaga sp. oral taxon  
GU412131 (100%)  
158(0) 40 22.22 60 
9 Capnocytophaga gingivalis GU410488 (97%)  150(1) 100 66.67 100 
10 Pseudomonas sp EF517951 (95%)  161(1) 60 22.22 40 
11 Lactobacillus fermentum GU417378 (98%) 215(3) 40 77.78 20 
12 Streptococcus sp. oral taxon GU432139 (95%)  149(0) 40 66.67 80 
13 Corynebacterium matruchotii  
 GU420812 (96%) 
199(1) 20 33.33 20 
14 Streptococcus mutans GU424617 (100%) 174(1) 20 11.11 40 
15 Neisseria subflava GU413333 (90%)  165(0) 80 66.67 40 
16 Streptococcus mutans GU424422 (99%) 214(3) 20 33.33 0 
17 Corynebacterium matruchotii  
GU420790 (97%) 
209(2) 40 33.33 40 
18 Prevotella oralis GU409760 (98%) 282(0) 40 33.33 40 
19 Propionibacterium propionicum  
GU425672 (99%) 
185(0) 0 44.44 40 
20 Propionibacterium propionicum  
GU425692 (97%) 
263(2) 20 33.33 0 
21 Corynebacterium matruchotii  
GU420720 (98%) 
205(0) 40 11.11 0 
22 Corynebacterium sp. oral taxon  
GU429064 (96%) 
198(0) 0 22.22 40 
23 Lactobacillus paracasei GU425013 (92%) 213(1) 0 11.11 0 
24 Corynebacterium matruchotii  
GU420869 (97%) 
199(1) 20 33.33 20 
25 Prevotella sp. oral taxon GU409865 (100%) 203(0) 0 33.33 60 
26 Propionibacterium sp. oral taxon  
GU407648 (100%) 
264(0) 40 44.44 20 
27 Uncultured Corynebacterium sp.  
AM420211 (100%) 
295(4) 60 33.33 40 
28 Rothia dentocariosa GU416838 (100%) 151(0) 60 33.33 20 
29 Actinomyces viscosus GU561308 (99%) 165(0) 20 44.44 60 
a Similarities are based on pair wise alignments with published sequences according to BLAST searches 
and indicate similarity, not guaranteed identity. Sequence numbers 1 to 29 refer to consecutive DGGE 
band positions from the top to bottom of the synthetic reference ladder. 
b The number of ambiguous bases for an individual band is given in parentheses. 
c Refers to the percent incidence of each unique band in caries-free  and severe early childhood caries 
individuals. 
SECC-S, severe early childhood caries child’s saliva; SECC-P, severe early childhood caries plaque; SECC-C, 
carious lesion from severe early childhood caries patients. 
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Whilst Table 6.2 related to bacterial compositions of saliva and dental plaques between 
CF and SECC individuals, Table 6.3 compares bacterial composition of saliva, dental 
plaque and degraded dentine in SECC patients. Data presented here indicate that, as 
with Table 6.3, Weissella confusa was the predominant bacterium detected in saliva, 
supragingival plaque and carious lesions (frequency 100%) and Capnocytophaga 
gingivalis was also detected with 100% frequency in saliva and degraded dentine. 
Streptococcus sp., lactobacilli, Rothia dentocariosa and actinomycetes were detected in 
all samples except Lactobacillus paracasei GU425013 which was only detected in dental 
plaque. Table 6.3 also shows that Streptococcus sp., and lactobacilli were present at 
higher frequencies in dental plaque than in saliva and in degraded dentine. In general the 
saliva harboured a lower bacterial diversity than did the sessile bacterial communities 
(i.e. dental plaque) from where salivary bacterial populations originate.  
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Table 6.4. Sequence analysis of PCR amplicons derived from DGGE gels of salivary derived communities obtained from caries-free individuals and SECC 
patients together with their families. 
 
Incidencec 
 
Sequence 
No. 
 
Closest relative (% sequence similarity)a 
 
Sequence 
length 
(bp)b  
CF-S 
(%) 
 
 
CF-
sib-Sa 
(%) 
 
CF-M-
Sa 
(%) 
 
SECC-
Sa 
(%) 
 
 
SECC-
sib-Sa 
(%) 
 
SECC-
M-Sa 
(%) 
1 Weissella confusa AB425970 (99%) 152(0) 100 100 100 100 100 100 
2 Leuconostoc citreum AB593366 (96%) 219(5) 40 50 40 0 0 25 
3 Streptococcus mutans GU424422 (98%) 212(2) 60 50 80 60 60 50 
4 Lactobacillus fermentum GU417381 (98%)  169(0) 40 33.33 80 80 80 75 
5 Fusobacterium nucleatum subsp. 
Polymorphum AB550231 (91%)  
262(4) 60 16.67 20 20 20 0 
6 Leuconostoc citreum FN796873 (97%)  168(2) 60 100 80 60 60 100 
7 Capnocytophaga gingivalis  
GU410378 (95.5%)  
281 (1) 60 33.33 80 20 20 25 
8 Capnocytophaga sp. oral taxon  
GU412131 (100%)  
158(0) 80 66.67 80 40 40 75 
9 Capnocytophaga gingivalis GU410488 (97%)  150(1) 100 100 80 100 100 100 
10 Pseudomonas sp EF517951 (95%)  161(1) 60 66.67 80 60 60 100 
11 Lactobacillus fermentum GU417378 (98%) 215(3) 60 83.33 60 40 40 75 
12 Streptococcus sp. oral taxon GU432139 (95%)  149(0) 20 66.67 60 40 40 100 
13 Corynebacterium matruchotii  
 GU420812 (96%) 
199(1) 40 33.33 20 20 20 0 
14 Streptococcus mutans GU424617 (100%) 174(1) 20 16.67 20 20 20 25 
15 Neisseria subflava GU413333 (90%)  165(0) 40 50 20 80 80 75 
16 Streptococcus mutans GU424422 (99%) 214(3) 0 16.67 60 20 20 50 
17 Corynebacterium matruchotii  
GU420790 (97%) 
209(2) 40 33.33 20 40 40 25 
18 Prevotella oralis GU409760 (98%) 282(0) 0 33.33 60 40 40 25 
19 Propionibacterium propionicum  
GU425672 (99%) 
185(0) 20 33.33 0 0 0 25 
20 Propionibacterium propionicum  263(2) 
0 0 0 20 20 0 
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GU425692 (97%) 
21 Corynebacterium matruchotii  
GU420720 (98%) 
205(0) 40 0 0 40 40 50 
22 Corynebacterium sp. oral taxon  
GU429064 (96%) 
198(0) 60 16.67 0 0 0 0 
23 Lactobacillus paracasei GU425013 (92%) 213(1) 0 0 0 0 0 0 
24 Corynebacterium matruchotii  
GU420869 (97%) 
199(1) 0 0 0 20 20 0 
25 Prevotella sp. oral taxon GU409865 (100%) 203(0) 40 0 40 0 0 0 
26 Propionibacterium sp. oral taxon  
GU407648 (100%) 
264(0) 20 33.33 20 40 40 50 
27 Uncultured Corynebacterium sp.  
AM420211 (100%) 
295(4) 40 16.67 0 60 60 25 
28 Rothia dentocariosa GU416838 (100%) 151(0) 20 0 20 60 60 50 
29 Actinomyces viscosus GU561308 (99%) 165(0) 0 16.67 0 20 20 25 
a Similarities are based on pair wise alignments with published sequences according to BLAST searches and indicate similarity, not 
guaranteed identity. Sequence numbers 1 to29 refer to consecutive DGGE band positions from the top to bottom of the synthetic 
reference ladder. 
b The number of ambiguous bases for an individual band is given in parentheses. 
c Refers to the percent incidence of each unique band in caries free and severe early childhood caries individuals. 
CF-S, caries free child’s saliva; CF-sib-Sa, sibling of caries free subject’s saliva; CF-M-Sa, Mother of caries free subject’s saliva; 
SECC-S, severe early childhood caries child’s saliva; SECC-sib-Sa, sibling of SECC subject’s saliva; SECC-M-Sa, Mother of SECC 
subject’s saliva. 
 
 
 
 
 
Whilst the two previous Tables related to bacterial compositions of saliva and dental 
plaques between CF and SECC individuals (Table 6.2) or compare bacterial compositions 
of saliva, dental plaque and degraded dentine in SECC patients (Table 6.3), Table 6.4 
compares the familial salivary bacterial composition for CF and SECC individuals. Data 
again indicate that Weissella confusa (AB425970) was the predominant bacterium 
(frequency 100%) in all salivary samples while Lactobacillus paracasei (GU425013) was 
not detected in all samples. Similar frequencies of occurrence of salivary bacteria were 
detected among CF children’s families except Streptococcus mutans which was detected 
at higher frequency in mothers than in other family members. While Prevotella oralis was 
not detected in CF individuals, it was detected in their mothers and siblings. 
Streptococcus mutans, Neisseria subflava, Rothia dentocariosa and Actinomyces viscosus 
occurred at greater frequencies in SECC family members than in CF families.  
6.4.5  Principal components analysis (PCA) 
The total variance of the PCA shown in Figure 6.11 is 42.76%. This Figure shows the 
clustering of the salivary eubacterial profiles derived from caries free and SECC children, 
their siblings and their mothers. Four separate clusters are apparent corresponding to the 
saliva of caries free and severe early childhood caries subjects and their mothers and 
siblings. 
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Figure 6.11. A PCA to analyse 31 eubacterial PCR-DGGE profiles derived from salivary samples from caries 
free and severe early childhood caries children and their siblings and mothers; closed triangles, CF mothers; 
closed triangles with middle dot, CF siblings; opened triangles, CF; closed diamonds, SECC mothers; closed 
diamond with middle dot, SECC siblings; opened diamonds SECC. 
 
The total variance of the PCA in Figure 6.12 is 42.35%. This Figure shows the clustering 
of the eubacterial profiles derived from saliva, plaque from carious teeth and carious 
lesions from patients with severe early childhood caries. Three separate clusters are 
apparent, corresponding to saliva, dental plaque from carious teeth and carious lesions 
from severe early childhood caries subjects. 
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Figure 6.12. 3D-PCA analysis of 15 eubacterial PCR-DGGE profiles derived from saliva (5), plaque 
from carious teeth (5) and carious lesions (5) from severe early childhood caries patients. Each spot 
represent 1 sample: closed circles; saliva, closed triangles; plaque from carious teeth, closed 
diamonds; carious lesions.  
  
6.4.6  Correlation and regression analyses 
Pearson’s correlation was used to analyse the relation between variables of interest. A 
significant positive correlation (p<0.05) with a Pearson’s correlation coefficient factor of 
r=0.66 was observed for the usage of a bottle overnight and the incidence of severe 
early childhood caries (data not shown). The relationship of variables were analysed by 
performing correlation and regression analysis. Statistically significant positive 
correlations (p<0.05) were detected between salivary lactobacilli and DMFT scores 
(r=0.90) and between total lactobacilli from dental plaque and DMFT scores (r=0.89). 
The predictive value was 81% (r square=0.81) with respect to salivary lactobacilli for 
DMFT scores (Figure 6.13) and 79% (r square=0.79) for DMFT scores with lactobacilli 
from dental plaque (Figure 6.14).  
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Figure 6.13. Correlation between salivary lactobacilli and the average DMFT scores from 
caries free and severe early childhood caries subjects. 
 
 
 
Figure 6.14. Correlation between total lactobacilli of dental plaque and the average DMFT 
scores from caries free and severe early childhood caries subjects. 
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Figure 6.15. Correlation between the average plaque index score and the average 
DMFT score of caries free and severe early childhood caries subjects. 
 
 
 
Figure 6.16. Correlation between the average plaque index score and total lactobacilli number 
in dental plaque from caries free and severe early childhood caries subjects. 
 
A significant (p<0.05) positive correlation between plaque index scores and DMFT score 
s(r=0.91) was observed; and also between plaque index scores and the total number of 
lactobacilli in dental plaque (r=0.95). Figure 6.15 shows the positive prediction of DMFT 
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by plaque index with a highly predictive value of 82% (r square=0.82). The predictive 
value of the total number of lactobacilli of dental plaque by plaque index score was 67% 
(r square=0.67). 
The relationship of the oral microbiota amongst the family members of all subjects was 
investigated. The numbers of salivary facultative anaerobes, salivary streptococci 
between children and their parents; and salivary anaerobes between children and their 
siblings presented a significantly positive relationship (p<0.05). 
 
 
 
Figure 6.17. Correlation of salivary facultative anaerobes between parents and children  
from both of caries free and severe early childhood caries subjects. 
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Figure 6.18. Correlation of salivary streptococci between parents and all subjects from both  
of caries free and severe early childhood caries subjects. 
 
Although a significantly (p<0.05) positive relationship between parental and children’s 
salivary facultative anaerobe counts (r=0.70) and between parental and children’s 
streptococci (r=0.70) of all subjects was calcualted, Figures 6.17 and Figure 6.18 indicate 
that the predictive values were only 49% (r square=0.49).  
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Figure 6.19. Correlation of total salivary anaerobes between all subjects and their siblings  
from both caries free and severe early childhood caries subjects. 
 
A significant (p<0.05) positive correlation in salivary anaerobe counts between children 
and their siblings (r square=0.60) was apparent.   
6.4.7  Statistical analysis 
The amounts of total lactobacilli recovered from saliva and dental plaque was significantly 
(p <0.05) different between caries-free and SECC groups. There were significant positive 
correlations (p <0.05) in salivary facultative anaerobes and streptococci between primary 
caregivers and children. While there were no significant correlations in all groups of 
bacteria obtained from the dental plaque of both groups, there were moderate positive 
correlations with respect to total facultative anaerobes, total streptococci and total 
lactobacilli (47%-55%). The significant difference in bacterial counts between subjects 
and their siblings was only observed for salivary anaerobes (p <0.05). However, the 
association between children and their siblings mostly showed positively correlations 
ranging from 14% to 88%. Significant differences (p <0.05) between DMFT and plaque 
index scores between caries-free children and SECC patients was observed. The 
association between DMFT scores and bacterial counts was analysed. There was a highly 
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significant correlation (p <0.05) between salivary lactobacilli, dental plaque lactobacilli 
and plaque index scores; and between salivary lactobacilli, dental plaque lactobacilli and 
DMFT scores. Moreover, highly significant correlations (p <0.05) between DMFT and 
plaque index scores and between D scores (decay score) and plaque index scores were 
also observed (>90%). 
6.5  Discussion 
This chapter aimed to better understand the aetiology of SECC, a common problem in 
children living in Southern Thailand. A number of variables are known to be involved in 
the causation of dental caries. These mostly relate to local acidification of dental enamel 
and this phenomenon is largely due to the metabolic activities of the bacterial community 
that is termed dental plaque. Several factors influence the rate and extent of acidification 
and thus the cariogenic process; these can be broadly divided into environmental and 
microbial factors. Simplistically, the degree of acidification depends on the types and 
quantities of fermentable carbohydrates that the individuals consume, but plaques may 
vary markedly in the rate by which they can produce acid and also in terms of the 
terminal pH reached at the tooth surface. Additionally the amount of plaque that 
accumulates varies considerably according to i) the location of colonisation; ii) individuals 
dental hygienic practices and iii) diet.  
In the current study, the contribution of a range of microbial and environmental factors 
of potential importance to SECC was investigated in children suffering from SECC, but 
also where possible, their caregiver(s) and their sibling(s). These are outlined in Table 
6.1 and include plaque indexes which are a semi-quantitative clinical measure of plaque 
accumulation on the surfaces of teeth and DMFT, a measure of current and past 
experience of dental caries. These were measured in the child and also where possible, in 
their family members to give an indication of overall familial dental health. Environmental 
factors including the practice of giving the child a formula feed during the night and the 
use of supplemental sugar in drinks or other food were recorded. Since a number of 
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molecular biological tools and analytical software packages have been recently developed 
for characterising microbial communities objectively and quantitatively comparing 
microbial profiles, these were used in the current chapter to assess the possible role of 
the transmission of bacteria from mother to child or between siblings.  
The analytical techniques used in this chapter have been discussed in Section 1.12. With 
respect to the SECC and caries-free control volunteers that were recruited; age and 
gender were similar; however, the history of overnight bottle use, plaque index and 
DMFT score were significantly (p<0.05) greater in SECC subjects than in caries-free 
subjects. In a previous study, the relationship between SECC in children aged 15-19 
months old, and lower family income, low education level of the mother, breastfeeding 
and high numbers of mutans streptococci have been reported (Vachirarojpisan et al., 
2004). The paper reported significantly positive associations between children's caries 
experience and a modified debris index score (analogous to the plaque index). This was 
supported by a more recent report of a similar clinical study (Jigjid et al., 2009). This 
indicates that effective mechanical plaque removal may reduce the incidence of dental 
caries in children. 
Data presented in this chapter showed a statistically significant association between 
numbers of total streptococci and SECC in dental plaque. This is in agreement with a 
previous study which reported an association between mutans Streptococci (MS) levels 
and SECC (Jigjid et al., 2009).  
Additionally in this chapter, potential associations between counts of other numerically 
important groups of oral bacteria and caries-related variables were examined and a 
highly statistically significant relationship between salivary lactobacilli and DMFT 
(P=0.001); and between lactobacilli in dental plaque and DMFT was observed (P=0.03) 
(Figs 6.13 and 6.14), hence, numbers of lactobacilli in saliva and in dental plaque are 
highly predictive of DMFT and thus of dental caries. Importantly, this observation 
contrasts with some previous reports (Hegde et al., 2005; Sullivan et al., 1996). 
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However, the current results are in concordance to those of Klock et al. (1990) who also 
reported a significant correlation between numbers of lactobacilli and caries prevalence, 
although the r-value in the Swedish study was low (0.34) (Klock et al., 1990). However, 
data in this chapter suggest that there was no significant relationship between salivary 
streptococci counts and dental caries experience which contrasts to a former study 
(Hegde et al., 2005). Furthermore, the significant relationship between plaque indexes 
and DMFT; and between plaque indexes and dental plaque lactobacilli were also 
investigated (Figure 6.15 and 6.16). Pearson’s correlations indicated a highly significant 
relationship between these variables, with predictive values of 82% and 67%, 
respectively. This may indicate that the dental caries experience and dental plaque 
lactobacilli co-varied with respect to plaque index score. Interestingly however, no 
relationship was detected between sugar consumption and the bacteriological 
composition of saliva and dental plaque; this is probably because of comparable levels of 
sugar consumption between the test and control group (Table 6.1), rather than being 
indicative of the unimportance of dietary sugar. 
With respect to familial factors, in accordance with previous studies (Vachirarojpisan et 
al., 2004; Tiano et al., 2009), the mother’s education level in the SECC group was 
significantly lower than in the CF group (p<0.05).  
Importantly the current investigation differs from previous investigation in that the viable 
counts of supragingival plaque bacteria in SECC were obtained from the dental plaque 
overlying the carious teeth. This is arguably the most relevant location to sample in terms 
of functional importance. Additionally, salivary microbial counts were also performed 
which not only provides additional information about the distribution of the oral 
microbiota from a practical perspective but gives information on the usefulness of saliva 
as a paradigm of supragingival plaque. As well as supragingival plaque which represents 
bacteria on the surface of the enamel, degraded dentine was also sampled. This 
comprises material sampled from the inside of carious lesions and represents those 
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bacteria which have invaded the tooth during the advancement of the cariogenic process. 
The bacterial composition of supraginigval plaque overlying the teeth affected by caries 
was microbiologically similar to degraded dentine (Figure 6.1). However, cariogenically 
important counts of total lactobacilli obtained from dental plaque and saliva were 
significantly higher in the diseased group whilst total streptococci were elevated in dental 
plaque but not saliva. This is in contrast to a study conducted by Gizani and co-worker 
(Gizani et al., 2009) where salivary streptococcal species were detected more often than 
on the tooth surface.  
Actinomyces viscosus was only detected in samples obtained from severe early childhood 
caries and with a higher incidence in dental plaque than in saliva. In previous 
investigations Actinomyces spp. were found to be present in saliva and dental plaque 
(supra- and subgingival plaque) and in tongue and other soft tissue samples, especially in 
supra- and subgingival biofilm samples (Gizani et al., 2009). It has however been 
previously noted that several strains of actinomycetes preferentially colonise on hard 
tissue (Stromberg & Boren, 1992).  
Veillonella spp. were not detected in any sample in this study in contrast to a previous 
study where Veillonella spp. were recovered from dental plaque and carious lesions (Arif 
et al., 2008). Although similarities in bacterial numbers including potentially cariogenic 
bacteria like Streptococcus spp. and lactobacilli in dental plaque and carious lesions have 
been reported, in the current study, according to cluster analyses, the similarity of 
bacterial composition between saliva and carious lesions was higher than between 
supragingival plaque and carious lesions (Figure 6.9). However, a comparatively high 
bacterial community similarity (69%) within supragingival plaque samples from sites 
overlying non-carious and carious teeth is indicated in Figure 6.9. Furthermore, the 
highest bacterial community similarity between supraginigval plaque and carious lesions 
was at 52% which was lower than between saliva and supragingival plaque and between 
saliva and carious lesions. Nevertheless, there was no significant difference (P=0.08) in 
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bacterial diversity in four different sample sites of severe early childhood caries subjects 
(data not shown). These results could be explained on the basis that saliva and 
supragingival plaque act as reservoirs for oral bacteria and that a subset of bacteria with 
suitable properties invade dentine, resulting in caries. Furthermore, the composition of 
the oral microbiota among family members was also studied, as were bacterial numbers 
in mother-child pairs and sibling-child pairs. The concordance in salivary bacterial 
communities ranged from 43% to 73% in mother-child pairs (Figure 6.7) which 
corresponds to a previous study that reported a similarity range of between 74% and 
94% in the salivary oral bacteria of mother-child pairs (Li et al., 2007b). Additionally, in 
the current study, the salivary microbiotas of sibling-child pairs were also investigated to 
assess the possibility of consortial transmission between siblings. The sibling similarity 
ranged from 34% to 82%. The level of similarity of the salivary oral microbiota between 
mother and child and also child and sibling were studied and the data is shown in Table 
6.4. Additionally, the bacterial levels were similar among family members except for 
lactobacilli where CF subjects had significantly lower numbers than their family members, 
while SECC subjects had a greater number of lactobacilli than their family members but 
this difference did not reach statistical significance (Figure 6.2).  Importantly, children 
with SECC had significantly higher lactobacilli levels than caries free children (p<0.05) 
while lactobacilli counts in mothers of children with SECC were not significantly higher 
than those of caries free childrens’ mothers. This contrasts with a previous study (Al 
Shukairy et al., 2006). However, in this paper, the differences were not statistically 
significant for S. mutans counts. Conversely, a Saudi Arabian study reported a significant 
relationship between mother-child pairs in the SECC group with respect to the numbers 
of salivary S. mutans (Al Shukariy et al., 2006). 
The relationship between numbers of salivary facultative anaerobes and streptococci 
between parents and child; and numbers of salivary anaerobes between sibling and child 
were demonstrated in this chapter with predictive values as described in Section 6.5. 
These results are in agreement with several previous reports (Emanuelsson et al., 1998; 
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Li et al., 2007b; Redmo Emanuelsson & Wang, 1998) regarding the similarity and 
transmission of oral bacteria from mother or primary care giver to child and the cross 
relation between siblings (Tinoco et al., 1998; Kohler et al., 2003; Tuite-McDonnell et al., 
1997). These results support the hypothesis that oral bacteria may be transmitted among 
family members. However, a recent study of SECC in mother-child pairs has reported a 
41% maternal transmission of mutans streptococci (Mitchell et al., 2009) with over 70% 
of PFGE genotypes being shared between mother and child. The concordance values of 
the present study can suggest transmission of oral bacteria between family members 
which is in accordance with plaque index scores and bacterial count data.  
Several previous studies (Kononen et al., 1992b; Kowash et al., 2002; van Lunsen et al., 
2000) have used unstimulated saliva to investigate the oral microbial composition in 
children whilst others have used stimulated saliva to study salivary oral bacterial 
especially in adult subjects. This potentially results in difficulties when attempting to 
directly compare data. As such, care is necessary when comparing data generated in the 
current chapter with some other studies what may appear to be similar in design since 
disparity between the results exist which could be attributed to differences in fluoride 
exposure, dietary pattern, type of oral hygiene practice, genetic factors and several 
others variables. Also, variations in the technique used for collecting saliva, dental plaque 
and samples of dental caries, together with differences in methods used to cultivate 
bacteria and to extract and identify bands on each gel can contribute to apparent 
divergence between investigations. 
6.6  Conclusion 
The taxonomic composition of oral microbiotas within saliva and supragingival plaque 
was not significantly different between caries-free individuals and severe early childhood 
caries patients. Sugar consumption was not related to salivary bacteria, dental plaque 
scores or group of subjects. However, plaque index scores, dental caries experience and 
the use of an overnight feed bottle differed significantly between the two groups. Data 
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indicated putative transmission of oral bacteria from mother to child and amongst the 
family. As a result, prediction of the child’s oral bacterial composition by the parental 
salivary bacterial composition is possible. Although not all groups of bacteria showed 
predictive value, the results could be investigated in subsequent studies. Moreover, this 
study suggested that dental caries experience and the number of lactobacilli in dental 
plaque were associated with plaque index scores. Observations made in this chapter may 
be of use when implementing health promotion campaigns and preventative programs in 
Thailand. In this respect, treatment of mothers or family members harbouring highly 
cariogenic microorganisms could reduce the risk of dispersing the cariogenic bacteria to 
infants and thus possibly reduce caries risk in children.  
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Investigations of the bacteriological composition of the oral microbiota commonly feature 
the use of human volunteers, which provide a high degree of clinical relevance but are 
complicated by issues of ethics and volunteer compliance or the use of various in vitro 
models which can replicate some aspects of the in situ conditions. Studies presented in 
this doctoral thesis utilised both approaches to investigate oral microbial ecology in health 
and disease. Whilst substantial populations of bacteria are present in human saliva, the 
majority of bacteria in the oral cavity grow in aggregates or in association with the 
surface of oral tissues and restorative materials. The in vitro component of the 
dissertation (Chapters 3 and 4) therefore relates to the development of two novel biofilm 
models of the oral microbiota. Chapters 5 and 6 represent clinical studies that were 
conduced in Hat Yai, Thailand. Modelling work and consortial analyses was predominantly 
done in Manchester, UK. 
 
In Chapter 3, an in vitro model was developed and validated which reproduces some 
aspects of both supragingival and subgingival dental plaque. Bacteriological analyses 
revealed high inter- and intra-individual concordance within the model, in eubacterial 
communities that were developed from the saliva of different volunteers, suggesting that 
highly selective environmental conditions had been established in both the simulated 
supragingival and subgingival compartments. Importantly, this is the first in vitro system 
reported that facilitates concomitant investigations of supra and subgingival plaque. The 
model could therefore be used to investigate the potential of physical and chemical 
strategies to control dental plaque in the two main clinically relevant bacterial 
accumulation sites of the mouth. Accordingly, the appendix presents pilot studies for the 
use of the gingival model to differentiate the effectiveness of brushes designed to 
penetrate the periodontal pocket. 
 
Poloxamer hydrogels have been previously used in a limited number of biofilm 
investigations, where their thermo-reversibility has enabled sessile axenic cultures to be 
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rapidly and non-destructively recovered to the fluid phase. This provides a useful means 
of investigating (for example), the effectiveness of antibacterial treatments, where 
planktonic susceptibility determinations would significantly underestimate in situ 
recalcitrance. There are however, no reports in the literature regarding the application of 
poloxamer biofilm constructs to investigate taxonomically diverse communities such as 
dental plaque. Thus, Chapter 4 describes the application such constructs to support oral 
biofilms. Poloxamer hydrogels supported the growth of single and mutli-species oral 
biofilms and maintained the microbial composition of the incoculum. CLSM confirmed the 
presence of biofilms within poloxamer matrices, which were highly reproducible with 
respect to acidogenesis. Poloxamer constructs therefore represent a potential tool for 
investigations of dental plaque but additionally, due to their low toxicity could be used in 
situ for sampling or for delivery of drugs to the periodontal pocket. 
 
For clinical perspective, data Chapters 5 and 6 investigate the bacteriological composition 
of saliva, supragingival plaque and degraded dentine in both health and in type 2 
diabetes mellitus (T2DM; Chapter 5) and severe early childhood caries (SECC) patients 
and their families (Chapter 6). In Chapter 5, the composition of oral bacterial 
communities in health and T2DM patients in Southern Thailand was investigated using 
differential viable counting and PCR-DGGE, combined with 3D-PCA. Additionally, 
Pearson’s correlations were used to analyse the relation between major experimental 
variables. Data in this chapter indicated that salivary oral microbiota profiles from diabetic 
and non-diabetic individuals could not be differentiated by PCR-DGGE and PCA analyses, 
suggesting that diabetes does not select for characteristic salivary community 
compositions. However, salivary consortial profiles from T2DM patients with and without 
caries clustered separately which indicates the presence of adapted cariogenic bacterial 
profiles in individuals with caries, or that suboptimal dental hygiene in these individuals 
had influenced bacterial composition. Putative positive correlations between FBS/HbA1c 
and salivary streptococci/lactobacilli were observed, suggesting that poor glucose control 
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favours the clonal expansion of these saccharolytic and acidogenic genera with obvious 
implications for cariogenesis. However, a negative association between FBS/HbA1c and 
DMFT was observed indicating that poor glucose control was not associated with past 
experience of dental caries but could nevertheless be associated with currently active 
cariogenesis. 
 
In Chapter 6, oral microbial profiles associated with severe early childhood caries (SECC) 
in families living in southern Thailand were investigated. In order to test the hypothesis 
that children with SECC acquire pathogenic oral bacteria from their family members, the 
bacteriological composition in caries-free children (CF) and in those with SECC and their 
family members were analysed. The bacterial communities in saliva, supragingival plaque 
and degraded dentine were analysed by eubacterial specific PCR-DGGE combined with 
tridimensional principal component analysis (3D-PCA). The relationships between putative 
contributory variables were also analysed. A comparison of SECC and CF groups revealed 
that, with the exception of the Gram-negative anaerobes, numbers of all functional 
groups of bacteria from supragingival plaque were higher in SECC patients than in CF 
controls, whilst bacterial counts for the three sampling sites in SECC did not differ 
significantly. The consortial similarities among the families, between children, their 
mothers and their siblings ranged between 43% to 73%, and 35% to 82%, respectively 
whilst eubacterial profiles did not cluster within or between CF and SECC groups. 
Furthermore, DMFT, plaque index scores and lactobacillus abundance correlated in a 
highly predictive manner, suggesting a possible aetiological role for this genus and that 
lactobacilli could potentially provide a novel means of prediction.  
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The gingival model outlined in Chapter 3 reproduces some aspects of supra- and 
subgingival plaque; properties that are not provided by other currently available oral 
biofilm models. The model was created such that it would fit directly into a brushing 
machine which was constructed in accordance with ISO/DTS 14569-2 specifications for 
testing of tooth wear, and consisted of an electric motor attached to a central crank 
rotating at 80 rpm (revolution per minute) of which each revolution represented four 
oscillating brushstrokes, so that 2.5 mm of each sample (dental polymer; PMMA) received 
approximately 320 brushstrokes with dentifrice per minute (Richmond et al., 2004).  
The model has been used to assess the subgingival penetration of toothbrushes which 
incorporate specially designed bristles and thus, this appendix presents data generated 
using the gingival model for the efficiency of three proprietary toothbrushes, including 
the Oral B IndicatorTM, Colgate 360 Deep Clean Ancho- Free TechnologyTM and Colgate 
360 Deep CleanTM (Stapled Version) with varying bristle lengths.   
Gingival models were prepared outlined as Section 3.3.2 and submerged in Wilkins-
Chalgren anaerobe broth, then inoculated with fresh saliva and incubated according to 
methods outlined in Section 3.3.3. Following incubation, the embedded slides were 
aseptically removed and mechanically brushed with the test brushes (c. 60 sec) and then 
either Gram stained (see Section 3.3.5) or stained for viability using LIVE/DEAD stain. 
The removal efficiency of the brushes was assessed by bacterial enumeration of 
simulated sub- and supragingival regions as described in Section 3.3.4. Additionally, glass 
substrata from replicated models were stained immediately using the LIVE/DEAD 
bacterial-viability kit (BacLight; Molecular Probes, Leiden, The Netherlands) according to 
manufacturer’s instructions. A cover slip was added before observation at X1000 
magnification with an epifluorescence microscope (Axioshop 2, Zeiss, Hertfordshire, 
U.K.). Cells were scored as live (green) or dead (red). Random fields of view (4) were 
chosen in the supragingival regions and subgingival regions.  
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A.1  Results 
Gram staining revealed that the supragingival region harboured a larger proportion of 
Gram positive bacteria whereas the subgingival region harboured a larger proportion of 
Gram negative bacteria (Figure A.1). Viability staining demonstrated a larger number of 
live cells present in the supragingival compared to the subgingival simulated plaque 
(Figure A.2). The toothbrushes with the longer bristle lengths were most effective, 
demonstrating that bristle length was a key determinant for efficiency of biofilm removal, 
especially in the subgingival region.  
 
 
 
 
 
 
Figure A.1. Gram stain from the gingival model; (a) supragingival region; (b) subgingival region. 
Data in Fig. A.2 indicate that the Colgate 360 Deep Clean Stapled Version toothbrushTM 
was most effective in removing bacteria, and the lowest number of bacteria were 
recovered following brushing with this brush in comparison to the other toothbrushes. 
a b 
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Figure A.2. Proportion of live and dead bacteria in the (A) supragingival plaque and (B) 
subgingival plaque from the gingival model, after brushing with 3 toothbrushes (T1-T3: white 
bar) in comparison to control (black bars). Data are mean values from multiple experiments 
(n=4); T1, Oral B indicator toothbrush; T2, Colgate 360 Deep Clean toothbrush (AFT version) 
and T3 Colgate 360 Deep Clean toothbrush (Stapled Version). 
 
Data obtained from this study indicated that gingival model supported a community 
representative of the oral microbiota that colonises particular sites of a tooth; and that it 
was also effective for studying the oral microbiota and the removal of oral biofilms. 
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